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 Normal development of an organism requires the integration of a number of 
signaling pathways and regulatory molecules. Intracellular and extracellular molecules 
cooperate to regulate a variety of cellular functions including proliferation, differentiation 
and morphogenesis. Many of these molecules and signaling pathways are highly 
conserved throughout evolution. Therefore, model organisms are employed to better 
understand the basic mechanisms that govern these functions. Using Drosophila 
melanogster as a model system, which has been used for more than a century helping to 
uncover the components necessary for processes such as neural development and 
epithelial polarity, this thesis focuses on the dissection of some of these developmental 
processes. 
The work described in this thesis studies the functions of the microtubule minus-
end directed motor—cytoplasmic dynein in follicular epithelial cells. Two aspects of its 
function are addressed: cellular polarity and Notch signaling. In the epithelial cells, 
cytoplasmic dynein appears to encompass different functions. These results are 
subdivided into three chapters. 
Chapter 3 reveals the previously unperceived function of cytoplasmic dynein in 
epithelial polarity. Dynein mutant epithelial cells lose apical/basal (A/B) polarity, which 
is reminiscent of mutations in genes controlling epithelial polarity. Examination of the 
polarity complexes showed that dynein primarily functions through the localization of 
Crumbs (Crb) complex to the apical domain of the follicular cell. Dynein transports both 
Crb protein and transcripts to the apical domain, and the apically localized crb transcript 
 XIV
is required for the full activity of Crb, suggesting that dynein-mediated asymmetric 
localization of transcripts coupled with a local translation machinery is likely to be 
involved in epithelial polarity establishment/maintenance. Furthermore, dynein is 
required for Crb complex formation on the apical domain of the epithelial cells.  
Chapter 4 addresses a different function of dynein in the epithelial cells. I will 
present evidence to show that dynein functions in the endocytic pathway to regulate the 
trafficking and activation of the Notch (N) receptor. Notch signaling is blocked in dynein 
mutant follicle cells (FCs), suggesting that dynein positively regulates Notch signaling. 
Dynein function is also required for Notch signaling during imaginal disc development, 
indicating the generality of dynein function in Notch signaling. Notch receptor is 
accumulated in the early (sorting) endosomes in dynein mutant, suggesting that the 
endocytic trafficking of Notch receptor is disrupted. Genetic and biochemical data 
suggest that the Notch receptor trapped in dynein mutant is the S2 product, indicating that 
dynein regulates an endocytic/recycling step between S2 and S3 cleavage of the Notch 
receptor. Furthermore, dynein is likely recruited to the early (sorting) endosomes via 
Rab11. Blocking recycling in Rab11 mutant also causes Notch loss of function phenotype 
similar to that of dynein mutants. Taken together, these data suggest that there is an 
endocytic/recycling step between S2 and S3 cleavage of Notch receptor. 
Extending from the work presented in Chapter 3 and 4, I further noticed that 
apical localization of Crb is a dynamic process and present evidence in Chapter 5 
suggesting that apical Crb activity must be precisely controlled. The preliminary data 
indicate that the endocytosis and recycling machinery is required to precisely control 
 XV
 XVI
active Crb level on the apical domain to safeguard epithelial polarity and thus the proper 
functions of epithelial cells.
Chapter 1 Introduction 
 
1.1 Drosophila melanogaster as a model organism 
 The differences among organisms are primarily due to differences in genetic 
programming. The fruit fly, Drosophila melanogaster and the nematode Caenorhabditis 
elegans have been instrumental in this realization. 
The fruit fly has been used as a model system for more than a century and has 
been recognized as an ideal model organism to elucidate many mechanisms involved in 
cell division and differentiation, pattern formation, cytoskeleton organization, apoptosis, 
axon guidance, neurogenesis and many other developmental processes. Whilst it is true 
that there are some differences between flies and vertebrates, it is clear that the 
similarities are overwhelming, and flies have taught us a great deal about many of the 
conserved mechanisms. Signaling pathways like Notch, Hedgehog, Wnt and TGF-β were 
first elucidated in flies, and important insights into their functions and interactions are 
continuously being discovered. Some of the main advantages of using D. melanogaster as 
a model system are: 
i. Short life cycle and easy maintainence; 
ii. Genetical amenability with lots of genetic tools for making mutations in the 
whole fly or mosaic fly, as well as the availability of balancers to keep mutant 
chromosomes intact. Drosophila also has a system (UAS/GAL) to express 
molecules in specific cells, organs or tissues; 
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iii. The fly genome has been sequenced by the Berkeley Drosophila genome 
project (BDGP) led by G Rubin and Celera genomics Inc. led by C. Venter 
(Adams et al., 2000);  
iv. The entire life cycle as well as the anatomy of Drosophila have been well 
documented and hence make it relatively easy to study; 
v. It has a basic cellular and molecular organization which is very similar to that 
of vertebrates. 
 
This thesis studies the functions of cytoplasmic dynein in epithelial polarity, 
endocytic trafficking and activation of Notch receptor in ovarian follicle cells. In the next 
few sections of this chapter, I will give an overview of epithelial polarity and the Notch 
signaling pathway, as well as the molecules involved in epithelial polarity, Notch 
trafficking and activation. 
 
1.2. Epithelial polarity 
1.2.1 Overview 
Epithelia comprise the most predominant tissues in animal. They form different 
shapes and subdivide the body into physiologically distinct compartments. Hence 
polarization of epithelial cells along the apico-basal axis is important for the formation 
and function of the epithelial structures (Doe and Bowerman, 2001; Knust and Bossinger, 
2002; Macara, 2004; Nelson, 2003; Shin et al., 2006; Tepass et al., 2001). Along with this 
polarization, their plasma membranes are compartmentalized into several distinct apical 
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and basolateral domains, each with unique components of lipids and proteins to 
regionalize cellular functions. These domains are separated by intracellular junctions (Fig 
1.1). These circumferential junctions form a barrier to the diffusion of solutes through the 
intercellular space. The movement of solutes across an epithelial layer therefore requires 
regulated transport mechanisms, such that the epithelia are able to control the 
physiological composition of body compartments. 
1.2.2 Tentative mechanisms of polarity establishment/maintenance   
Intensive studies in mammalian cell culture led to a model that the sorting of 
plasma membrane components in the trans-Golgi network into apical and basolateral 
transport vesicles and the subsequent polarized delivery of these vesicles to the 
appropriate domains are the key mechanisms by which epithelial polarity is maintained 
(Musch et al., 1996; Nelson, 2000; Simons and Wandinger-Ness, 1990; Yoshimori et al., 
1996). However, this mechanism can not explain how the apical and basolateral domains 
are initially established. 
Further clues come from the role of adhesion and its consequences on cellular 
organization. External cues mediated by cell-cell or cell-substrate adhesion generate 
asymmetries within the plasma membrane which are elaborated by the formation of 
specific local membrane cytoskeleton. The later is further strengthened by adhesion-
dependent reorganization of the microtubule cytoskeleton, the scaffold of vesicle 
transport, and the formation of targeting patches at the lateral membrane that provide 
positional cues for the basolateral transporting vesicles (Drubin and Nelson, 1996; 
Grindstaff et al., 1998; McNeill et al., 1990; Yeaman et al., 1999). Hence the epithelial 
polarity establishment/maintenance is achieved through the concerted activity of 
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 Fig. 1. 1 Schematic view of Drosophila epithelial cell structures. 
 A shows ectodermal epithelial cell during gastrulation and B shows a late-
embryonic/larval epidermal cell. Different membrane compartments and cellular 
junctions are indicated to the left and the distribution of polarity protein complexes are 
listed to the right. Cytoplasmic proteins that bind directly to a transmembrane protein are 
indicated by the small arrow. Synonyms of protein names are given in parenthesis. The 
question marks indicate that the localization of these proteins at the given position require 
confirmation. AHAJ (apical hemi adherens junction), bHAJ (basal HAJ), DE-cad (DE-
cadherin), ECM (extracellular matrix), GJ (gap junction), MZ (marginal zone), SJ 
(septate junction), ZA (zonula adherens). (adapted from (Tepass et al., 2001)). 
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several interdependent polarization mechanisms, triggered by adhesive interactions that 
serve as positional cues. The formation of the apical domain is regarded as by default, 
apical identity occurs wherever no adhesive interactions take place in the plasma 
membrane. 
The above model is further complemented and expanded by studies in Drosophila 
epithelia, thereby placing the mechanisms that control epithelial polarity into a 
developmental context. Extensive genetic studies in Drosophila have identified many 
integral or membrane-associated factors required for epithelial polarity, consistent with 
the idea that extrinsic cues mediated by adhesive interactions play a predominant role in 
epithelial polarity (Bhat et al., 1999; Bilder et al., 2000; Bilder and Perrimon, 2000; 
Tanentzapf et al., 2000; Tepass, 1996; Tepass and Knust, 1990; Tepass and Knust, 1993; 
Tepass et al., 1990; Wodarz et al., 1993; Wodarz et al., 1999; Woods and Bryant, 1991). 
These studies also unveiled a number of regulators of epithelial polarity that are 
associated with the apical domain, suggesting that the formation of the apical domain in 
the epithelial cells is not by default as previous studies in mammalian cell culture would 
imply, but instead, is an active process that requires specific molecular machinery. 
Furthermore, studies on Drosophila revealed that the mechanisms controlling epithelial 
polarity are more complex than previously appreciated. In the following sections, I will 
briefly overview epithelial polarization, with an emphasis on the recent studies that shed 
new light on polarity regulation. 
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1.2.3 Types of epithelial cells in Drosophila 
1.2.3.1 Primary and secondary epithelia  
Broadly, epithelia in Drosophila can be subdivided into two subtypes: the primary 
and secondary epithelia. Primary epithelia are derived from the blastoderm, which are 
formed at the cellularization stage during embryo development. Many epithelia, for 
example, the larva and adult epidermis, are derived from the blastoderm epithelium 
without a non-epithelial transition. While secondary epithelium, including embryonic 
epithelia (such as midgut epithelium) and adult epithelium (such as follicle cells which 
will be discussed later in this chapter), arise by mesenchymal-epithelial transitions (MET) 
later in Drosophila development (Tepass, 1997; Tepass and Hartenstein, 1994) (Fig1.2). 
In addition to their formation, primary and secondary epithelia differ in structure and 
mechanisms used for cell polarization. 
1.2.3.2 Brief overview of oogenesis and follicle cell development 
The entire process of oogenesis occurs within the Drosophila ovary, which 
contains 16-20 tube-like structures called ovarioles (King, 1970). Each ovariole acts as an 
egg assembly line, with younger egg chambers near the anterior and a series of 
progressively older egg chambers marching toward the posterior till the mature egg 
reaches the oviduct, where it is fertilized and exits the body. Oogenesis starts from the 
very anterior tip of the ovariole, a structure called the germarium, where the germline 
stem cells (GSCs) reside in a microenvironment called the niche to coordinate their self-
renewal and differentiation. After the GSC divides, one daughter cell will retain the GSC 
fate, while the other daughter cell, called the cystoblast, will undergo differentiation. The 
CB undergoes four rounds of cell division with incomplete cytokinesis to produce a 16-
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cell cyst, among which one cell will be selected and specified as the future oocyte with 
the remaining 15 cells adopting a nurse cell fate to support the development of the 
oocyte. Follicle stem cells (FSCs), sitting in the middle region of the germarium, 
constantly produce daughter follicle cells (FCs), which recognize and encapsulate the 
developing cysts to form egg chambers (or follicles). Newly formed egg chambers enter 
the posterior region of the ovariole called vitellarium where they join a line of six to 
seven progressively older follicles with stalks linking them together. The approximate 
age can be determined by morphological criteria and assigned to 1-14 stages of oogenesis 
(Spradling, 1993)(Fig.1.2). 
                                 
Fig. 1. 2 Overview of Drosophila oogenesis. 
 A: schematic drawing of a wt ovariole, from germarium at the very anterior tip at the 
left, stage 1 to 14, with somatic cells in green and germ cells in blue. B: schematic 
drawing of the early stages in oogenesis that contribute to the basic structure of the egg 
chamber, including the encapsulation of the germline cyst by follicle precursors, the 
differentiation of polar and stalk cells, and the posterior positioning of the oocyte. 
Different cell types found within the germarium and early egg chambers are indicated. C: 
apicobasal polarity in the follicle cell epithelium. The drawing shows a stage 8 egg 
chamber with a magnified view of two follicle cells. The magnification reveals the 
proximity of the apical surface to the germline and basal surface to a basement membrane 
as well as the relative positions of certain junctional complexes (adopted from (Horne-
Badovinac and Bilder, 2005)). 
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There are three kinds of somatic cells when the cyst is encapsulated and budded 
off the germarium: the epithelial FC, the polar cells and the stalk cells. From stage 1-6, 
the FCs continue to proliferate to accommodate the rapidly growing germ cells, while at 
the end of stage 6, FCs cease division, and undergo endoreplication, a process triggered 
by Notch signaling (see below for more information, p24) (Deng et al., 2001; Grammont 
and Irvine, 2001; Grammont and Irvine, 2002; Lopez-Schier and St. Johnston, 2001; 
Margaritis et al., 1980; Margolis and Spradling, 1995) 
The FC, like other Drosophila epithelia, is architecturally similar to vertebrate 
epithelia. They renew themselves constantly from the follicle stem cells, which makes it 
an ideal model to study the full range of phases in epithelial differentiation (Johnson and 
Wodarz, 2003; Knust and Bossinger, 2002; Müller, 2000; Tepass et al., 2001). The 
simplicity and accessibility of the follicle cells together with the large number of genes 
known to affect its epithelial integrity make it a favored genetic system to study epithelial 
development. That is the reason why I chose the FCs as a model to study epithelial 
polarity. An outstanding difference of FC from other epithelia is that its apical surface 
contacts the germ cells throughout much of oogenesis, while for most other epithelia, 
their apical domain constitutes a free surface facing the exterior of the body or lumen of a 
tube. This close proximity between FC and germ cells is essential for many aspects of FC 
biology (Horne-Badovinac and Bilder, 2005) (Fig1.2). For other aspects of establishment/ 
maintenance of epithelial polarity, FC shares great similarities with other epithelia, as 
discussed below. 
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1.2.4 Functions of protein complexes in epithelial polarity 
The extensive exploration of epithelial differentiation in Drosophila led to the 
characterization of protein complexes that regulate polarity and junctional differentiation. 
Pioneering genetic work has identified many genes required for epithelial polarity in 
Drosophila, including crumbs (crb), bazooka, and discs large (dlg) (Bilder et al., 2000; 
Bilder and Perrimon, 2000; Tepass, 1996; Tepass and Knust, 1990; Tepass and Knust, 
1993; Wodarz et al., 1993; Wodarz et al., 1995; Wodarz et al., 1999; Woods and Bryant, 
1991). Characterization of these gene products showed that they form protein complexes 
associating with the plasma membrane and show polarized distribution in the epithelial 
cells (Fig 1.1). These complexes include the Crb complex (Crb, Sdt and dPatj/Discs lost 
[Dlt]) at the apical domain, the Baz complex (PAR-3/Baz, PAR-6, and aPKC) at the sub-
apical domain and the Scribble complex (Dlg, Lgl, and Scribble [Scrib]) at the lateral 
domain (Bilder et al., 2003; Harris and Peifer, 2004; Harris and Peifer, 2005; Tanentzapf 
and Tepass, 2003). Genetic studies in Drosophila have revealed that these protein 
complexes function in a sequential yet interdependent manner to regulate the 
establishment, elaboration and maintenance of cellular polarity (Bilder et al., 2003; 
Tanentzapf and Tepass, 2003). In the following sections, I will overview their functions 
in epithelial polarity in more detail. 
1.2.4.1 The Crb complex in epithelial polarity 
Drosophila Crb is a transmembrane protein with 30 EGF-like and 4 laminin A G-
domain-like repeats in its extracellular domain and a small intracellular domain (Fig 1.1). 
It localizes to the apical membrane and is concentrated at the subapical region (also 
called marginal zone), a region above the zonula adherens. crb loss-of-function shows 
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severe disorganization and degeneration of ectodermally derived embryonic epithelia 
(Tepass, 1996; Tepass and Knust, 1990; Tepass and Knust, 1993; Wodarz et al., 1993; 
Wodarz et al., 1995). Crb is the only known transmembrane protein among the known 
core polarity determinants and is a critical regulator of apical identity, as the insertion of 
Crb is sufficient to confer apical characteristics to the plasma membrane and expand the 
apical domain at the expense of the basolateral domain (Wodarz et al., 1995). Crb 
overexpression also leads to the redistribution of β-heavy spectrin, a membrane 
cytoskeleton protein, consistent with a study suggesting that Crb stabilizes the apical 
spectrin-based membrane skeleton by interacting with β-heavy spectrin as well as 
Dmoesin, a 4.1/ezrin/radixin/moesin (FERM)-domain containing protein (Medina et al., 
2002). Furthermore, Crb accumulates at the apical domain in syntaxin Avalanche or Rab5 
mutants, genes coding core components of the vesicle trafficking machinery, suggesting 
that endocytic entry of Crb is critical for the maintenance of apico-basal polarity thus 
confirming that Crb plays an important role in the determination of the apical domain (Lu 
and Bilder, 2005). Currently, no interaction partners have been identified for its large 
extracellular domain. The short cytoplasmic domain (37aa) of Crb contains several 
functionally important motifs: the very C-terminal amino acids ERLI, a PDZ binding 
motif that interacts with Sdt and Dlt/dPatj, a juxtamenbrane domain containing a FERM-
binding motif, and a putative aPKC phosphorylation motif (Bachmann et al., 2001; Bhat 
et al., 1999; Klebes and Knust, 2000; Sotillos et al., 2004). Overexpression of the 
membrane-tethered cytoplasmic domain of Crb can rescue the crb mutant phenotype and 
cause apicalization of the membrane to a similar degree as overexpression of full-length 
Crb (Wodarz et al., 1993; Wodarz et al., 1995). Dlt/dPatj contains 4 PDZ domains 
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whereas sdt locus gives rise to several splice forms, encoding either a MAGUK protein 
with a single PDZ, a SH3, and a GUK domain or a smaller protein containing only a 
GUK domain (Bachmann et al., 2001; Hong et al., 2001). The physical interaction 
observed between Crb and Sdt is consistent with the previous genetic analysis suggesting 
that sdt acts downstream of crb (Wodarz et al., 1993).   
Crb, Sdt and Dlt/dPatj are conserved in C.elegans and mammalians species 
(Bossinger et al., 2001; den Hollander et al., 1999; Hong et al., 2001; Pellikka et al., 
2002). There are 3 crb-like genes in the human genome, CRB1, CRB2 and CRB3 (den 
Hollander et al., 1999). Mammalian CRB1 is the human ortholog of Drosophila Crb, and 
is expressed in the eye and brain. CRB1 and CRB2 show conserved domain architecture 
of both the extra- and the intracellular domains to Drosophila Crb, whereas CRB3 lacks 
the conserved extracellular domain, with a very short extracellular domain. CRB1 was 
shown to correspond to the retinitis pigmentosa 12 (RP12) gene, mutations in which 
cause degeneration of the retina (den Hollander et al., 2001; den Hollander et al., 1999). 
Studies with CRB1 knockout mice suggest that CRB1 is required for the maintenance of 
photoreceptor cell polarization and adhesion during light exposure (Pellikka et al., 2002; 
van de Pavert et al., 2004).  
1.2.4.2 The Baz complex in epithelial polarity 
Par3 and Par6 were first identified as PDZ-domain-containing proteins affecting 
anterior-posterior polarity in C. elegans embryo development (Rose and Kemphues, 
1998). Subsequent studies showed that these two molecules interact with each other as 
well as with aPKC. Bazooka is the Drosophila ortholog of mammalian Par3 (Macara, 
2004; Ohno, 2001). In Drosophila, the Baz/Par6/aPKC complex is required for the 
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correct development of epithelia (Petronczki and Knoblich, 2001; Wodarz et al., 2000). 
This complex localizes to the subapical region along with the Crb complex (Fig 1.1). 
They are mutually dependent upon one another for correct localization during epithelial 
morphogenesis. Baz binds to aPKC directly, and aPKC mutant embryos show 
mislocalization of Baz, resulting in the disruption of apico-basal polarity (Wodarz et al., 
2000). Baz also interacts with Par6 and is required for the correct localization of Par6 
(Rolls et al., 2003). Similarly, in Drosophila Par6 mutants, Baz fails to localize apically, 
and epithelial polarity is disrupted (Petronczki and Knoblich, 2001). Par1 and 14-3-3 
proteins also regulate the Baz/Par6/aPKC complex (Benton and St. Johnston, 2003). 
Phosphorylation of Baz by Par1 facilitates the binding of 14-3-3 proteins, which inhibits 
the formation of the Baz/Par6/aPKC complex by blocking the binding of aPKC to Baz. 
Par1 resides in the lateral membrane, and its activity there leads to lateral exclusion of the 
Baz/Par6/aPKC complex, thereby restricting the Baz/Par6/aPKC complex to the apical 
domain to maintain the integrity of apico-basal polarity.  
Studies in Drosophila have identified the functional hierarchy of Baz, Par6, and 
aPKC during polarization in epithelia (Harris and Peifer, 2004; Harris and Peifer, 2005; 
Le Bivic, 2005). These studies suggest that Baz acts upstream of adherens junction 
formation during polarization of Drosophila epithelia and Baz targets to an apical region 
below aPKC and Par6 where it colocalizes with the adherens junctions as epithelia first 
form (Harris and Peifer, 2005). The study shows that Baz positioning is dependent on 
cytoskeletal cues and is independent of aPKC and Par6.  
Unlike the Crb complex, which is involved in the establishment of polarity in a 
limited number of cells, the Baz complex also plays a role in specifying the polarity of 
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several other cell types, such as the neuroblasts and oocytes (Cai et al., 2003; Cox et al., 
2001; Huynh et al., 2001; Schober et al., 1999; Wodarz et al., 1999).  
How exactly does the Baz complex regulate epithelial polarity? It has been shown 
that aPKC activity is required for the establishment of epithelial cell polarity (Suzuki et 
al., 2002; Suzuki et al., 2001). One of the target proteins of aPKC is Lgl (Ohshiro et al., 
2000; Peng et al., 2000). Studies show that aPKC interacts directly with and 
phosphorylates Lgl to regulate the localization of Lgl. Studies from mammalian culture 
cells suggest that unphosphorylated Lgl binds Par6-aPKC complex and prevent the 
formation of the Par3/Par6-aPKC complex. Once Lgl is phosphorylated by aPKC, it 
dissociates from Par6-aPKC, and is restricted to the lateral membrane (Plant et al., 2003; 
Yamanaka et al., 2003). The balance between the apical domain and basolateral domain 
is determined by the activity of the Baz complex at the apical domain and that of Lgl at 
the lateral domain (Fig 1.3). Moreover, aPKC contributes to epithelial polarity by 
phosphorylating Par1 and dissociating it from the membrane in a context similar to aPKC 
and Lgl (Hurov et al., 2004; Suzuki et al., 2004). 
1.2.4.3 The Scrib complex in epithelial polarity 
Lgl was originally identified as a tumour suppressor gene and required for basal 
protein targeting and asymmetric cell division in Drosophila (Ohshiro et al., 2000; Peng 
et al., 2000). Lgl is a myosin-II binding protein that contains WD40 repeats (Strand et al., 
1994), whereas Dlg and Scrib are multi-PDZ domain proteins. Dlg is a MAGUK and 
Scrib belongs to the LAP subfamily of PDZ domain proteins that also contain leucine-
rich repeats (Bilder et al., 2000; Bilder and Perrimon, 2000; Strand et al., 1994; Woods 
and Bryant, 1991). lgl, dlg, and scrib mutants display similar defects in embryo, imaginal 
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discs and follicle cells, causing loss of epithelial polarity and over-proliferation of mutant 
cells. Protein colocalization and genetic interactions observed between these genes 
suggest that these proteins may form a biochemical complex, although no direct 
biochemical associations have been detected among these proteins (Bilder et al., 2000). 
Lgl, Dlg and Scrib homologs are found in C.elegans and vertebrates where they also play 
a role in epithelial polarization (Bossinger et al., 2001; Legouis et al., 2000). Lgl 
homologs in yeast and human are shown to interact with myosin II, suggesting that it may 
regulate myosin II function. Consistent with this, suppression of myosin II function by 
Lgl had been demonstrated in Drosophila neuroblast where the Scrib complex controls its 
asymmetric division (Kagami et al., 1998; Ohshiro et al., 2000; Peng et al., 2000; Strand, 
1995). 
lgl, dlg, and scrib mutant cells show a mislocalization of apical markers, such as 
the Crb complex and Arm, with all of them extending more basally, suggesting the 
expansion of apical domains in the absence of the Scrib complex function (Bilder et al., 
2000; Bilder and Perrimon, 2000). These data suggest that the Scrib complex controls the 
segregation of the apical and basolateral domains and contributes to the confinement of 
the apical and basolateral markers to their normal position. How the Scrib complex acts 
to fulfil its function in these processes remains unclear till now. Possibilities include: 
Scrib complex function in epithelial polarity through myosin II function as it was found 
in association with myosin II motor; alternatively, the Scrib complex may regulate 
vesicle targeting to control epithelial polarity as yeast homolog of Lgl interacts with a 
SNARE protein in polarized vesicle targeting (Lehman et al., 1999). 
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1.2.5 Hierarchy amongst polarity protein complexes 
Epithelial polarization involves the establishment of distinct membrane domains 
represented by different polarity complexes mentioned above. An important question is 
how these complexes are coordinated and regulated to create the epithelial architecture of 
apicobasal polarity. Studies in Drosophila described a functional interactions hierarchy 
among these polarity complexes during epithelial polarization. These studies led to a 
model in which polarity protein complexes act to antagonize one another and mutually 
exclude one another from the same region, thus setting up defined membrane domains 
with distinct protein and lipid compositions (Fig 1.3) (Bilder et al., 2003; Tanentzapf and 
Tepass, 2003). The Crb complex is recruited to the apical domain by the Baz complex at 
an early stage of Drosophila epithelial development. Initial localization of the Baz 
complex is not disrupted in crb mutant embryo, but the Crb complex is required for the 
apical maintenance of the Baz complex at later steps of polarization. The Scrib complex 
determines the lateral domain and represses apical identity on the lateral region by 
antagonizing the Baz complex. Also, the apically localized Crb complex antagonizes the 
activity of the Lgl complex at the apical domain. As mentioned above, this mutual 
exclusion of distinct domains is regulated through the phosphorylation of individual 
protein in these complexes (Plant et al., 2003; Yamanaka et al., 2003). The mutual 
antagonism of the apical and lateral domains is conserved in vertebrate epithelia 





Fig. 1. 3 Mutual exclusion of polarity complexes during the establishment of apico-
basal polarity in epithelium. 
Apical and lateral membranes are balanced by mutual exclusion of polarity complexes. 
Exclusion and maintenance of the polarity complexes at their target membrane is 
achieved by phosphorylation. For instance, when Lgl crosses to the apical domain, it’s 




1.3. Cytoplasmic dynein and dynactin 
1.3.1Cytoplasmic dynein 
Dynein is a microtubule minus-end directed molecular motor (Asai and Wilkes, 
2004). It was first purified from Tetrahymena cilia as a force-generating ATPase. 
Dyneins contain one to three heavy chains: each heavy chain consists of a C-terminal 
globular head together with two elongated flexible structures called the stalk (the 
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microtubule-binding domain) and the N-terminal tail (the cargo-binding domain) 
(Fig1.4). Dyneins are categorized into two major classes, axonemal dynein (not discussed 
here) and cytoplasmic dynein (for simplicity, referred as dynein below). Cytoplasmic 
dynein drives a variety of fundamental cellular processes, including nuclear migration, 
organization of the mitotic spindle, chromosome separation during mitosis, positioning 
and function of many intracellular organelles, vesicle trafficking and asymmetric mRNA 
localization (Bertrand et al., 1998; Brand and Perrimon, 1993; Cohen, 2005; Delanoue 
and Davis, 2005; Dick et al., 1996; Gepner et al., 1996; Hays et al., 1994; Holleran et al., 
1998; Houle et al., 2003; Karki and Holzbaur, 1999; Oiwa and Sakakibara, 2005; Pfarr, 
1990; Plamann et al., 1994; Pokrywka and Stephenson, 1995; Schnorrer et al., 2000; 
Sheetz, 1996; Steuer et al., 1990; Vaisberg et al., 1993; Vale, 2003; Vale et al., 1985; 
Vallee and Sheetz, 1996; Walker and Sheetz, 1993; Wilkie and Davis, 2001). Dynein is 
thought to be a homodimer with two heavy chains, each of which comprises a head 
domain joined to a tail. Dynein also contains several accessory subunits, termed 
intermediate, light intermediate and light chains (Fig 1.5) (Asai and Wilkes, 2004). The 
fine structure of cytoplasmic dynein, the force generation and the regulation of dynein are 
not within the scope of this study, so will not be discussed here. 
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 Fig. 1. 4 Dynein EM.  
Dynein prepared by quick-freeze, deep-etch, rotary shadow electron microscopy with 
motor domain, microtubule-binding stalk and cargo-binding stem indicated (adapted from 
(Vallee, 2004). 
 
Fig. 1. 5 Organization of the outer dynein arm.  
A. Model of the outer dynein arm illustrating the location of components within the 
motor complex. ATP-dependent interaction with MTs occurs through the stalk domain 
that protrudes from the motor unit of each heavy chain. The basal IC/LC complex is 
required for structural binding (ATP-independent). This subcomplex binds to α–tubulin 
and probably also the adaptor or docking complex. B. Model of a dynein heavy chain 
illustrating the proposed arrangement of subdomains within this motor unit. The N-
terminal stem domain interacts with the analogous region of other heavy chains and with 
the IC/LC complex. The six AAA domains and the C-terminal unit form a toroid with an 
apparently hollow core. The microtubule-binding domain is located at the tip of a stalk 




Dynactin is also a multisubunit protein complex that is required for most, if not 
all, types of cytoplasmic dynein activity in eukaryotes (Schroer, 2004). Each molecule 
contains 11 different polypeptide subunits copurified through multiple purification steps. 
Some polypeptides are present in more than one copy per complex, so each dynactin 
molecule contains more than 20 individual polypeptide chains. A cartoon illustrating our 
current view of dynactin subunit organization is shown in Fig 1.7. When observed under 
rotary shadow EM, dynactin shows a characteristic structure (Fig 1.6), a conspicuous 
Arp1 rod (actin-related protein 1), consisting of Arp1, Arp11 (another actin-related 
protein), actin, CapZ (actin-capping protein), p62, p27, and p25, which binds to various 
cargos; a projecting arm, made up by p150/Glued, dynamitin/p50, p24/p22, which binds 
to microtubule and dynein complex (Fig 1.7). 
Dynactin binds dynein directly and allows the motor to traverse the microtubule 
lattice over long distances (Holleran et al., 1998; Karki and Holzbaur, 1999; King and 
Schroer, 2001). A single dynactin subunit, p150/Glued, is sufficient for both activities, 
yet dynactin contains several other subunits that are organized into an elaborate structure. 
It is currently believed that the bulk of the dynactin structure participates in the 
interactions with a wide range of cellular structures, many of which are cargoes of the 
dynein motor. Genetic studies have verified the importance of all elements of dynactin. 
Although dynein can bind some membranous cargoes independently of dynactin, 
establishment of a fully functional dynein-cargo link appears to depend on dynactin. 
However, p150/Glued must be associated with the other dynactin subunits to function 
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properly because mutations that prevent Glued from being incorporated into dynactin 
yield non-functional protein (McGrail et al., 1995). 
 
Fig. 1. 6 Dynactin EM.  
Dynactin prepared by quick-freeze, deep-etch, rotary shadow electron microscopy (EM) 
is shown here. The Arp1 rod domain is at the bottom. The projecting arm with terminal 
globular heads projects upward (adapted from (Schroer, 2004)). 
 
 
Fig. 1. 7 Schematic illustration of the location and approximate structural features 
of dynactin subunits 
Adapted from (Schroer, 2004).  
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1.4. Endocytosis  
In order to communicate with the extracellular environment, cells must constantly 
exchange information with the outer environment via many mechanisms. Endocytosis is 
one of the mechanisms the cells frequently adopt. Endocytosis is the internalization of 
plasma membrane into the cytoplasm as vesicles or endosomes. Endocytosis in 
vertebrates, and most probably also in Drosophila, occurs by one of two general 
mechanisms: clathrin-dependent and clathrin-independent internalization (Fischer et al., 
2006; Le Roy and Wrana, 2005). In clathrin-dependent endocytosis, clathrin triskelia 
form a cage structure around the invaginated membrane with the help of the AP-2 adaptor 
complex, and the activity of the GTPase dynamin is required for the vesicle to pinch off 
the plasma membrane. Upon membrane scission and entry into the cytoplasm, the 
clathrin scaffold dissociates from the vesicles. Newly formed vesicle fuses with the early 
(sorting) endosome, and the internalized proteins are either shuttled to the endocytic 
recycling compartment before being sent back to the plasma membrane, or targeted to the 
multivesicular body (MVB)/late endosome for degradation in lysosome (Fig 1.8). 
Clathrin-independent internalization occurs at sites of lipid rafts, the cholesterol-rich 
regions of the plasma membrane. The protein caveolin mediates some of the clathrin-
independent events, forming membrane invaginations called caveolae. There is no 
caveolin in Drosophila, but other proteins associated with caveolae are present, like 
annexin. Clathrin-independent endocytosis is not well characterized, but dynamin is 
usually involved and the vesicles may be delivered to sorting endosomes. 
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Fig. 1. 8 A simple overview of the endocytic pathway.  
Clathrin-dependent, clathrin-independent vesicle formation is shown. More detailed 
formation of clathrin-dependent vesicles shown in A, with the proteins involved are 
indicated in different colors. Clathrin triskelia together with AP2 invaginates the receptor 
containing membrane to form pits, which pinch off with the help of dynamin. After 
entering the cytoplasm, the clathrin coat is removed and recycled for another round of 
transport. The uncoated vesicles fuse together to form new endosomes, which again fuse 
with the early sorting endosome, a process partially controlled by small GTPase Rab5. In 
sorting endosomes, internalized proteins are sorted either for degradation in late 
endosomes (Rab7 positive) or lysosome, or recycled back to the surface via recycling 
endosome mediated by Rab11. Some internalized proteins can escape degradation in 
MVB via secretory exosome and return back to the cell surface (adapted from (Fischer et 
al., 2006; Le Borgne et al., 2005a; Le Roy and Wrana, 2005)).  
 
Several different kinds of proteins and lipids regulate internalization and 
endosomal sorting. Rab proteins are membrane-associated, Ras-like GTPases that control 
membrane fusion (Zerial and McBride, 2001). Different Rab associates with particular 
endosomes, and regulates endosome/endosome and endosome/plasma membrane fusion. 
For example, Rab5 is involved in the fusion of endocytic vesicle and the early (sorting) 
endosomes, while Rab11 functions in the recycling endosome, regulating 
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endosome/plasma membrane fusion. Studies have found that Rab5 mainly localizes at the 
early endosomes including the sorting endosomes, Rab11 localizes at the sorting 
endosomes and the recycling endosomes. Inositol phospholipids, or phosphoinositides, 
constitute a small fraction of the phospholipids in the plasma membrane and endosomal 
membranes. Specific varieties of phosphoinositides are enriched in distinct regions of the 
plasma membrane and different endosomes. These phosphoinositides bind with different 
affinities to proteins which containing lipid-binding domains (Le Roy and Wrana, 2005; 
Lemmon, 2003). Transmembrane proteins may have cytoplasmically located 
internalization signals that are part of their primary amino acid sequence (Bonifacino and 
Traub, 2003). Alternatively, an ubiquitin signal (or other signal) may be added 
posttranslationally to the cytoplasmic domain to induce internalization of the 
transmembrane proteins (Dupre et al., 2004; Hicke and Dunn, 2003; Raiborg et al., 
2003). 
Endocytosis and endocytic trafficking regulates many cell signaling pathways, 
thus many aspects of animal development. In addition to attenuating signaling, which is 
the most common mechanism that cells utilize to internalize receptors such as EGF 
receptor; endocytosis also shapes morphogen gradients (for example Dpp, Hh and 
Wingless morphogens); activates ligands (for instance endocytic activation of the Notch 
ligand Delta; and spatially regulates receptor activation within a single cell (Chitnis, 
2006; Fischer et al., 2006; Hutterer and Knoblich, 2005; Le Borgne, 2006; Le Borgne et 
al., 2005a; Parks et al., 2000; Sakata et al., 2004; Wilkin et al., 2004). Moreover, some 
receptors signal from within the endosomes and a specific type of endosome controls the 
ability of cells to signal (Childress et al., 2006; Gallagher and Knoblich, 2006; Herz et al., 
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2006; Jaekel and Klein, 2006; Thompson et al., 2005; Vaccari and Bilder, 2005). In this 
study, I found that endocytosis and endocytic trafficking in epithelial FCs are essential 
for epithelial polarity and Notch signaling. 
1.5. Notch signaling 
1.5.1 Overview 
Notch signaling is one of the most widely used signaling pathways in animals 
(Artavanis-Tsakonas et al., 1999). It functions in diverse developmental and 
physiological processes that include the maintenance of stem cell fate, asymmetric cell 
division, vertebrate somitogenesis, cortical neurite outgrowth, eye development and wing 
development. Aberrant Notch signaling has been implicated in human diseases including 
cerebrovascular dementia (Joutel et al., 1996), cancer (Bolos et al., 2007), as well as 
developmental disorders of the liver, heart, skeleton, eye, and kidney (Li et al., 1997a; 
Oda et al., 1997).  
The functions of the Notch signaling pathway can be broadly divided into three 
categories: lateral inhibition, lineage decisions and boundary formation (Bray, 2006). 
Lateral inhibition during neurogenesis in flies and vertebrates is well characterized 
(Artavanis-Tsakonas et al., 1999). From these studies it became evident that Notch acts at 
different stages of development even within the same tissue. For example, Notch first 
regulates the number of cells that acquire neural identity (lateral inhibition/neural 
selection), and subsequently it determines whether progeny will adopt neural or glial 
fates (lineage decisions/fate determination) (Louvi and Artavanis-Tsakonas, 2006). 
Iterative activation of Notch has now been detected in multiple lineages, like the midgut 
progenitor cells in both mammals and D. melanogaster, in which Notch maintains 
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progenitor cells proliferation and regulates binary cell-fate decisions in the stem cell 
progeny (Fre et al., 2005; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; 
van Es et al., 2005).  
The core components of the Notch signalling pathway are the DSL ligands (the 
Drosophila and vertebrate Delta, Serrate and the mammalian Lagged), the Notch 
receptor, and the CSL transcription factors (CBF1/Suppressor of Hairless/Lag-1) (Fig1.9) 
(Artavanis-Tsakonas et al., 1999; Radtke and Raj, 2003; Schweisguth, 2004). Both the 
DSL ligands and Notch receptor are transmembrane proteins with large extracellular 
domains primarily consisting of epidermal growth factor-like repeats. In mammalian 
cells, Notch receptor (Notch1) is processed by Furin-mediated S1 cleavage during 
secretory pathway in trans-Golgi. The S1 cleavage occurs in the extracellular domain 
close to the transmembrane domain. The S1 cleavage products of Notch receptor (the 
extracllular domain NEC and the transmembrane fragment NTM) heterodimerize to form 
the cell surface receptor (Blaumueller et al., 1997; Logeat et al., 1998). However, S1 
cleavage is likely not required for N receptor signaling in Drosophila (Kidd and Lieber, 
2002). Upon ligand binding, N receptor undergoes S2 cleavage, a process meditated by a 
TACE (TNFα-converting enzyme)/ADAM metalloprotease (Kuzbanian [Kuz] in flies) to 
remove most of the extracellular domain (ECD) and generate the S3 substrate called 
NEXT (Notch extracellular truncation) (Lieber et al., 2002; Pan and Rubin, 1997). S3 
cleavage occurs within the plasma membrane and is mediated by γ-secretase, an enzyme 
complex that contains presenilin, nicastrin, PEN2 and APH1. S3 cleavage releases the 
intracellular domain (NICD), which then translocates to the nucleus and cooperates with 
the DNA-binding protein CSL and its coactivitor mastermind to regulate the transcription 
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of its downstream targets (Chung and Struhl, 2001; Hu et al., 2002; Lopez-Schier and St. 
Johnston, 2002; Mumm et al., 2000; Struhl and Adachi, 1998; Struhl and Adachi, 2000; 




Fig. 1. 9 Overview of Notch signalling.  
The DSL (Delta/Serrate/Lagged1) ligand is presented in the signal sending cell surface, 
where endocytosis and recycling is required to generate productive ligands. Neuralized, 
Mindbomb, Epsin (liquid facet) and Rab11/Nuf function in the activation of DSL ligands. 
The ligands are proteolytically cleavaged, but the physiological function of this remains 
unknown. The Notch receptor localizes at the cell surface of the signal-receiving cell. 
The steady state of full-length Notch receptor is maintained by internalization and 
degradation and/or recycling. Several factors are required to quench inappropriate 
activation of Notch signal in the absence of DSL ligands, like E3 ligase Nedd4. Upon 
ligand binding, the receptor undergoes two consecutive proteolytic cleavages (S2 and S3) 
by TACE/ADAM/Kuz and γ-secretase respectively, to release the NICD, which enters 
the nucleus to act as a co-transcription factor to turn on the down stream target genes. To 
ensure the proper duration of the signal activation, NICD in the nucleus is phosphorylated 





1.5.2 Regulation of Notch signalling  
Consistent with the importance of Notch signalling in various cellular and 
developmental processes, cells adopt many mechanisms to regulate the amplitude and 
timing of Notch signalling, although these mechanisms are not used in the same cellular 
context or at the same time. With continuous flow of new findings, we are only at the 
starting point to understand the full complexity of the regulation of Notch signalling. I 
will briefly discuss various mechanisms that cells use to ensure proper Notch signalling 
during the appropriate developmental stages (Fig1.9). 
1.5.2.1 Endocytic trafficking and activation of the DSL ligands 
Recent findings suggest that endocytic trafficking of the DSL ligands is crucial 
for enhancing their signalling activity. Ligands are ubiquitinated by the two E3 ubiquitin 
ligases, Neur (Neurolized) and Mib (Mind bomb), which directly interact with DSL 
ligands, and trigger Epsin (liquid facet [lqf] in Drosophila)-mediated endocytosis. The 
internalized ligands are then recycled back to the cell surface in a Rab11-dependent 
manner to become active (Emery et al., 2005; Itoh et al., 2003; Jafar-Nejad et al., 2005; 
Lai et al., 2001; Lai et al., 2005; Pavlopoulos et al., 2001; Wang and Struhl, 2004; Wang 
and Struhl, 2005).  
Many models have been proposed to explain why the DSL ligands need to be 
internalized for proper signalling activity based on experimental observations (Chitnis, 
2006; Le Borgne et al., 2005a; Le Borgne et al., 2005b). “Pulling force” model suggests 
that ligand endocytosis could generate a pulling force on the bound receptor that causes a 
conformational change in the juxtamembrane region, facilitating the proteolysis of Notch 
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receptor (Parks et al., 2000). “Activation” model proposes that after ubiquitylation and 
endocytosis, the ligands are delivered into an endocytic compartment where they may be 
posttranscriptionally modified and/or re-inserted into a specific membrane domain to 
become active (Emery et al., 2005; Jafar-Nejad et al., 2005; Wang and Struhl, 2004; 
Wang and Struhl, 2005). The clustering model proposes that ubiquitinylation and 
endocytosis promote the clustering of the ligands which is potent for signalling (Hicks, 
2002; Varnum-Finney et al., 2000). Unfortunately none of these models can explain all 
the phenomena observed, which may be explained by the fact that different cellular 
contexts utilize different mechanisms. Therefore, it’s of great importance to elucidate the 
mechanisms of ligands activation.  
1.5.2.2 Receptor maturation 
In addition to the proteolytic processing mentioned above, Notch receptors must 
be further posttranslationally modified to become functional after translation and 
presented on the cell surface. Notch protein is fucosylated by the chaperone O-Fut (O-
fucosyltransferase), a modification essential for the production of a functional receptor 
(Okajima and Irvine, 2002; Sasamura et al., 2003; Shi and Stanley, 2003). In cells 
expressing Fringe, fucose is added by the glycosyltransferase activity of Fringe, altering 
the ability of specific ligands to activate Notch (Haines and Irvine, 2003). A recent 
finding suggests that Notch must also be glucosylated by O-glucosyltransferase (Rumi), a 
modification which affects the folding and/or trafficking and signalling potency of the 
Notch receptor at the cell membrane (Acar et al., 2008). 
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1.5.2.3 Endosomal sorting of the Notch receptor  
Several mechanisms control the level of Notch receptor on the cell surface and 
therefore regulate its availability for ligand binding. Numb, along with the AP2 
component α-adaptin and NAK (Numb association kinase), promotes Notch endocytosis 
and degradation to down regulate Notch signalling (Berdnik et al., 2002; Chien et al., 
1998). Several HECT domain E3 ligases (Nedd4, Su(dx)/Itch, Smurf) negatively regulate 
Notch signalling by targeting Notch receptor to the lysosome for degradation (Lai, 2002; 
Sakata et al., 2004; Wilkin et al., 2004). Another E3 ligase Deltex positively regulates 
Notch signalling, probably by promoting sorting of Notch receptor from the endosomal 
compartments to the recycling endosome (Hori et al., 2004; Matsuno et al., 1995). Other 
proteins prevent inappropriate receptor activation in the absence of ligand binding. 
Mutations in components of ESCRT (endosomal sorting complex required for transport) 
complexes (ept/tsg101 and vps25) lead to accumulation of Notch in enlarged endosomes 
and cell autonomous ectopic activation of Notch signaling, in which S3 cleavage is 
required for signaling activation (Moberg et al., 2005; Thompson et al., 2005; Vaccari 
and Bilder, 2005). Although Notch is also aberrantly accumulated in some other ESCRT 
mutants, like hrs (hepatocyte growth factor receptor tyrosine kinase substrate) (Jekely 
and Rorth, 2003), it doesn’t lead to ectopic Notch activation. Further studies are required 
to understand the precise location, ligand-dependence and physiological relevance of the 
endosomal activation observed in ept and vps25 mutants.  Another protein, Lgd (Lethal 
giant discs), is also required to prevent inappropriate receptor activation in the absence of 
ligands (Childress et al., 2006; Gallagher and Knoblich, 2006; Jaekel and Klein, 2006). 
Therefore, ESCRT complexes and Lgd are normally involved in Notch signaling 
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downregulation, indicating that endosomal sorting is a key node for Notch signaling. This 
step may determine the fate of internalized Notch receptor: entry into the degradation 
pathway or being recycled back to the cell surface. Thus, the endosomal sorting step may 
regulate the availability of Notch receptor on the cell surface for activation. Defects in 
endosomal sorting can contribute to pathogenesis, as evidenced by the tumour suppressor 
function of both Ept/TSG101 and Vps25. 
 1.5.2.4 Regulated cleavage of the Notch receptor and ligands  
As mentioned above, the Notch receptor undergoes 2 consecutive proteolytic 
cleavages (S2 cleavage by TACE/ADAM/Kuz and S3 cleavage by γ-secretase) upon 
ligand binding, which could also serve as regulatory step for Notch signaling. Although 
there are no reports suggesting how S2 cleavage may be regulated. For S3 cleavage, the 
regulation may be exerted through the assembly and activation of the γ-secretase, as well 
as regulation of the activity of the γ-secretase (Li et al., 2003; Zhou et al., 2007). Where 
γ-secretase cleavage occurs still remains controversial. Some studies suggest it may be at 
the cell surface while others indicate it may be in endosomal compartments as 
monoubiquitylation and endocytosis are required for S3 cleavage (Gupta-Rossi et al., 
2004; Lopez-Schier and St. Johnston, 2002). It is also reported that Crb may play a role 
in restricting γ-secretase activity to limit the extent of Notch activation (Herranz et al., 
2006). Further studies are needed to determine the importance and diversity of γ-
secretase regulation in vivo. Like many type I proteins, Notch ligands are also subjected 
to extracellular cleavage by ADAM proteases followed by transmembrane domain 
cleavage by γ-secretase (Klueg et al., 1998; Mishra-Gorur et al., 2002; Qi et al., 1999; 
Sapir et al., 2005). Ligand processing may be important to reduce its ability to antagonize 
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Notch signaling in cis and for its downregulation and membrane clearance. Alternatively, 
it could generate biologically active fragments, for instance, soluble ligands (that may act 
as antagonists of Notch signaling) and/or ligand intracellular domain fragments. 
1.5.2.5 Regulations after NICD enters nucleus  
All of the abovementioned regulation mechanisms occur before the release of 
NICD from the plasma membrane following receptor activation. There are also many 
regulatory steps after NICD is released from the membrane and subsequently enters the 
nucleus to ensure proper duration of signal activation. For example, the assembly of an 
active transcription complex on its target is tightly regulated (Nam et al., 2006; 
Petcherski and Kimble, 2000; Wilson and Kovall, 2006). Although it is important to 
understand these regulatory mechanisms, as this part is not within my scope of study, I 
will not go into the details.  
1.5.3 Notch signalling during Drosophila oogenesis 
Notch signalling is utilized repeatedly during Drosophila oogenesis, in which the 
germline expressed ligand Delta activates Notch signaling in the surrounding somatic 
cells to control their differentiation, proliferation and morphogenesis (Deng et al., 2001; 
Gonzalez-Reyes and St Johnston, 1998; Grammont and Irvine, 2001; López-Schier, 
2003; Lopez-Schier and St. Johnston, 2001; Muskavitch, 1994; Ray and Schupbach, 
1996; Ruohola et al., 1991; Sun and Deng, 2005; Torres et al., 2003). In the following 
section, I will briefly introduce various functions of Notch signalling during Drosophila 
oogenesis.  
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1.5.3.1 Formation and maintenance of the GSC niche 
Germline stem cells (GSCs) reside in a microenvironment, a niche, composed of 
somatic cells including cap cells and other cell types. The niche ensures the self-renewal 
and maintenance of the GSCs (Decotto and Spradling, 2005; Li and Xie, 2005; Song et 
al., 2002; Xie and Spradling, 1998). Recent studies show that Notch signaling controls 
the formation and maintenance of the GSC niche through the formation of cap cells 
(Song et al., 2007a; Ward et al., 2006). It was suggested that Notch signaling functions to 
specify cap cells during niche formation in the developing larval gonad. Ectopic 
activation of N signalling resulted in ectopic cap cell formation, consequently an 
expanded niche, which can harbour more GSCs. On the other hand, cap cell formation is 
affected when N signaling activity is compromised. In the adult GSC niche, Notch 
signaling initiated by germline expressed Delta may also function to maintain a 
functional GSC niche. 
1.5.3.2 Encapsulation of the cyst  
During the encapsulation process, the germline cysts are surrounded by 
somatically derived follicle cells before budding off from the germarium to form 
individual egg chambers.  One subgroup of these somatically derived follicle cells, the 
intercyst cells, will give rise to the polar cells, a pair of specialized follicle cells at each 
ends of the egg chamber, and the stalk cells, 6-8 cells forming a short stalk connecting 
neighbouring egg chambers (Spradling, 1993).  Notch signalling is required for the 
differentiation of the intercyst cells (Lopez-Schier and St. Johnston, 2001; Ruohola et al., 
1991). The glycosyltransferase Fringe modifies the Notch receptor and thereby modulates 
its responsiveness towards the ligand Delta, which emanates from the germline cells to 
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activate Notch signalling in the polar/stalk cell precusors to specify the polar cell fate 
(Grammont and Irvine, 2001; Grammont and Irvine, 2002). After the polar cells are 
specified, they in turn express Delta to induce the formation of the stalk (Assa-Kunik et 
al., 2007). This process suggests a relay model for the formation of the polar–stalk cell 
unit in which Delta signals from the germ line induce the differentiation of polar cells, 
which in turn use Delta to control stalk formation. 
1.5.3.3 Anterior-posterior (A/P) axis formation 
The embryonic A/P axis in many species is already established in the unfertilized 
egg through localized maternal determinants with patterning capabilities. Drosophila is 
no exception, with the A/P axis being specified during oogenesis stage 5-7. Delta from 
the germline cells is required for the differentiation of all FCs (López-Schier, 2003; 
Torres et al., 2003). The FCs differentiate into two groups, terminal FCs and the main 
body FCs. Only the terminal FCs are capable of responding to the EGFR signalling 
(Gurken) from the oocyte by adopting posterior cell fate, while by default, the terminal 
FCs at the anterior of the egg chamber which do not receive Gurken/EGFR signaling 
adopt anterior cell fate. The posterior cells respond to the Gurken/EGFR signaling and 
feedback to the oocyte, resulting in the reorganization of the microtubule cytoskeleton in 
the oocyte, with the microtubule minus ends focused at the anterior pole of the oocyte. 
Responding to this polarity, maternal determinants, oskar is localized to the posterior 
pole of the oocyte, while bicoid mRNA locailizes at the anterior pole. Along with this 
repolarization, Gurken is relocalized from the posterior pole to the anterodorsal region of 
the oocyte, where it signals again to induce the dorsal follicle cell fate to excute its role in 
doral/ventral (D/V) patterning (Gonzalez-Reyes et al., 1995; Gonzalez-Reyes and St 
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Johnston, 1998; Roth et al., 1995; Ruohola et al., 1991; van Eeden and St Johnston, 
1999). 
1.5.3.4 Endoreplication transition 
After budding off from the germarium, the egg chamber enlarges. The nurse cells 
become polyploid and actively synthesize mRNAs and proteins, which in turn are 
transported into the transcriptionally silent oocyte. To keep up with this growth, the 
epithelial follicle cells increase their number through a series of five or six cell divisions 
(Calvi and Spradling, 1999; Horne-Badovinac and Bilder, 2005). From stages 7-9, FCs 
switch from the mitotic cell cycle to an endocycle, becoming polyploid by cycling 
through S phases without intervening cell divisions. The switch from mitosis to 
endocycle is triggered again by Delta from the germline through the activation of Notch 
signalling in the FCs (Deng et al., 2001; Grammont and Irvine, 2001; Lopez-Schier and 
St. Johnston, 2001; Schaeffer et al., 2004; Shcherbata et al., 2004). 
 
My thesis starts with the analyses of dynein-mediated transport in epithelial FCs 
and extends to endocytic trafficking, to include: 
1. Dynein functions in epithelial polarity by transporting Crb protein and transcript 
to the apical domain; 
2. Endocytic trafficking and activation of Notch signaling;  
3. Regulation of apically localized Crb by endocytic trafficking. 
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Chapter 2 Materials and Methods 
 
All chemicals and reagents are purchased from Sigma Aldrich (USA) unless 
otherwise stated. Restriction enzymes and DNA modifying enzymes were obtained from 
New England Biolabs, Invitrogen and Roche unless otherwise stated. 
 
2.1 Molecular work 
 2.1.1 Recombinant DNA methods 
General recombinant DNA methods were performed essentially as previously 
described (Sambrook and Russell). Polymerase Chain Reaction (PCR) was done with Taq 
DNA polymerase according to manufacturer’s recommendation. Restriction enzyme 
digestions were performed using appropriate buffers provided by the manufacturers. 
Blunt ending of DNA fragments was carried out using Klenow DNA polymerase (large 
fragment). Dephosphorylation of DNA fragments was done using calf intestinal 
phosphatase (CIP). T4 DNA ligase was used for ligation of DNA fragments. Double-
stranded DNA sequencing was performed with automatic PCR-based Big-Dye 
sequencing method. 
2.1.2 Strains and growth conditions 
The E.coli strain DH5α (GIBCO BRL, USA) was used throughout this study for 
all cloning procedures. E. coli cells were either grown or cultured in LB broth (1% bacto-
tryptone, 0.5% bacto-yeast extract, 1% NaCl, pH7.0) liquid medium or LB agar plates 
(LB broth containing 1.5% bacto-agar) at 37ºC. When recombinant plasmid-containing 
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cells were cultured, the media/plates were supplemented with antibiotics according to the 
resistance genes carried by the vectors (Ampicillin 100μL/mL, Kanamycin 50μL/mL, 
chlorophinicol 17μL/mL). 
2.1.3 Cloning strategies and constructs used in this study 
In most cases, when DNA fragments were obtained by PCR amplification, they 
were first cloned into cloning vector T-easy (Promega, USA), before subcloning into 
other vectors such as expression vectors or transgenic vectors. For cloning using Gateway 
system (Invitrogen, USA), DNA fragments were amplified by using Pfx polymerase 
(Invitrogen, USA), and subcloned into entry vector, sequenced and swapped into various 
destination vectors such as expression vector or transgene vector depending on the 
ultimate purposes (done according to manufactures instructions). A brief summary of 
both methods are as follows: 
The DNA fragments were amplified using Taq (or Pfx) polymerase and primers 
(sometimes with artificially created restriction enzyme sites and/or tag sequences). The 
PCR products were resolved on appropriate agarose gel, and recovered from the gel using 
DNA purification kit (Kostrewa et al.) according to manufacturer’s instructions. The PCR 
products were eluted in 25μL sterile water and subsequently subcloned into T-easy vector 
or entry vector following manufactures instructions. The ligation products were 
transformed into DH5α using either heat shock transformation or electroporation 
methods. 
List of constructs used in this study 
DNA constructs  Source  Reference 
UAST-crbintra-myc-wo Li ZH This study 
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pCS2+ Karuna Sampath  
pCS2-LacZ-crb3’UTR Li ZH This study 
pAct-Rab5-FLAG Li ZH This study 
pAct-Rab11-FLAG Li ZH This study 
pGST-NICD Li ZH This study 
pMT-HA-Notch Steve Cohen (Thompson et al., 2005) 
pAct-Psn-C-myc Mark E. Fortini (Hu and Fortini, 2003) 
pAct-Psn-loop-myc Mark E. Fortini (Hu and Fortini, 2003) 
pAct-Nct-V5 Taisuke Tomita (Niimura et al., 2005) 
pAct-Aph1-FLAG Taisuke Tomita (Niimura et al., 2005) 
pAct-Pen-HA Taisuke Tomita (Niimura et al., 2005) 
pAct-Crbintra-myc Li ZH This study 
 
2.1.4 Transformation of E. coli cells 
 2.1.4.1 Preparation of high efficiency heat shock E. coli competent cells for 
transformation  
Single fresh colony was inoculated in 3ml LB media with proper antibiotics, 
incubated overnight at 37ºC with continous shaking. Overnight culture was transferred to 
250ml SOB (2% bacto-tryptone, 0.5% yeast extract, 10mM NaCl, 2.5 mM KCl, 10mM 
MgCl2, 10mM MgSO4, sterilized by autoclave) and incubated at 18ºC for 30 hours with 
vigorous shaking (200-250rpm) till OD600 reached 0.6. The culture was then chilled on 
ice for 30min, and centrifuged at 3000rpm for 10min at 4ºC, and the pellet was 
resuspended in 80mL of pre-cooled TB media (10mM pipes, 55mM MnCl2, 15mM 
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CaCl2, 250mM KCl, all components except for MnCl2 were mixed and the pH was 
adjusted to 6.7 with KOH, then MnCl2 was dissolved, the solution was sterilized by 
filtration and stored at 4ºC), then incubated on ice for 30min, spun 3000rpm for 10min at 
4ºC. The pellet was resuspended in 20mL TB media and DMSO was added with gentle 
swirling to a final concentration of 7% (1.4mL). The cell suspension was incubated on ice 
for 10min and dispensed to eppendorff tubes (about 100μL/tube) and immediately chilled 
by immersion in liquid nitrogen and store at -80ºC. 
2.1.4.2 Heat shock transformation of E. coli cells 
One tube of competent cell from -80ºC was thawed on ice, and mixed with 10μL 
of ligation product. The mixture was spun briefly to collect the liquid to bottom and 
incubated on ice for 30min, then heat-shocked in a 42ºC waterbath for 90sec, left on ice 
for 90sec. 1mL LB or SOB media was then added and shaken at 37ºC for 1hour. Proper 
amount of the mixture was spread onto a LB plate supplemented with appropriate 
antibiotics, and incubated at 37ºC overnight to let the colonies to grow. 
2.1.4.3 Preparation of electroporation competent cell for transformation 
A single colony from agar plate with proper antibiotics was inoculated in 25 mL 
LB broth with proper antibiotics and shaked at 37ºC overnight. Next morning, this 
overnight culture was diluted 1:100 into 1L LB medium, and incubated at 37ºC with 
vigorous shaking for about 3-4hours till OD600 reached 0.6-0.8. The culture was 
incubated on ice for 30min, and centrifuged at 3000rpm for 20min at 4ºC. The pellet was 
washed with pre-chilled in 1L deioned water, centrifuged at 3000rpm for 20min at 4ºC, 
washed in 1:2 ratio of pre-chilled deioned water again (500mL). Following centrifugation 
the cell pellet was washed with 1:10 ratio of pre-chilled 10% glycerol (100mL) and 
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harvested by centrifugation. Finally the pellet was resuspended in 1mL pre-chilled 10% 
glycerol, and aliquoted in eppendorff tubes (50μL/tube) and immediately frozen by 
immersion in liquid nitrogen and store at -80ºC. 
2.1.4.4 Electroporation transformation of E. coli cells 
One tube of competent cell from -80ºC was thawed on ice and mixed with 10μL 
of ligation product. The mixture was spun briefly collect the liquid to bottom and 
transferred to a cold, 0.2cm cuvette. The Gene Pluser Apparatus (Biorad) was set to 25μF 
and 2.5kV, and pulse controller at 200Ω. The cuvette with the cell mixture was pulsed 
with a time constant of 4-5 msec and field strength of 12.5kV/cm, after which, 1mL LB 
broth was added to the cuvette and pippeted up and down a few times and transferred to a 
1.5mL eppendorf tube. The cells were recovered at 37ºC by shaking for 1hour. Then 
proper amounts of the mixture were spread onto a LB plate supplemented with 
appropriate antibiotics. The plate was incubated at 37ºC overnight. 
2.1.5 Plasmid DNA preparation  
2.1.5.1 Plasmid miniprep 
Plasmid miniprep was carried out using Qiagen miniprep kit according to 
manufacturer’s instructions. 
2.1.5.2 Plasmid midi/maxi-prep 
 Plasmid midi/maxi-prep was done using Qiagen midi/maxi-prep kit according to 
manufacturer’s instructions. 
 39
2.1.6 PCR reactions and primers used in this study 
2.1.6.1 Single fly DNA prep for PCR 
Place one fly in a 0.2ml tube containing 50μL squash buffer (SB, 10mM Tris.Cl 
pH8.2, 1mM EDTA, 25mM NaCl, and 200μg/ml protease K, with the enzyme diluted 
fresh from a frozen stock solution), and mash the fly for 5-10 seconds with a pipette tip, 
without expelling any liquid (sufficient liquid escapes from the tip). Then expel the 
remaining SB. Incubate at 37ºC for 30min, inactivate the protease K by heating to 95ºC 
for 2-3min. These steps can be done on a PCR machine. The preparation can be stored at 
4ºC for months. Take 1μL of the DNA prep in a 10-15 μL PCR reaction volume. It 
doesn’t matter if fly parts (wings, bristles, legs and cuticles) are inadvertently added to 
the PCR mixture. 
2.1.6.2 Amplification of DNA fragments for subcloning 
PCRs to amplify DNA fragments to subcloning for protein expression and/or 
transgenics were carried out according to manufacturer’s instructions.  
 
2.2 Biochemistry 
 Frequently used buffers and solutions 
 
2X SDS loading buffer (for general use) 
100mM Tris.Cl pH6.8, 200mM DTT, 4% 
SDS, 0.2% bromophenol blue, 20% 
glycerol. Add DTT (1M stock) before use 
2X protein sample buffer (for Notch 
protein)  
125mM Tris.Cl pH6.8, 4% SDS, 20% 
glycerol, 10% 2-mercaptoethanol, 0.2% 
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bromophenol blue. 
6X protein sample buffer 350 mM Tris-Cl, pH 6.8, 10% SDS, 600 
mM DTT, 0.012% wt/vol bromophenol 
blue, 30% glycerol 
10X Tris-glycine electrophoresis buffer, 
pH8.3 
30.2g Tris base, 188g glycine, 50mL 20% 
SDS, add distilled water to 1L. 
  
 
Resolving gel for PAGE 
Required amounts of 30% acrylamide mix 
(29:1) and deionised water, 0.25vol. of 
1.5M Tris.Cl pH8.8, 0.01vol. of 10% SDS, 




Stacking gel for PAGE 
0.68vol. of deionised water, 0.17vol. of 
30% acrylamide mix (29:1), 0.125vol. of 
1M Tris.Cl pH6.8, 0.01vol. of 10% SDS, 
0.01vol. of 10% APS, 0.001vol. of 
TEMED. 
 
Western transfer buffer 
2.9g Tris base, 5.8g glycine, 0.3g SDS, 
200mL methanol, add deionised water to 
1L. 
Blocking solution PBS, 0.1% Tween 20, 3% BSA, 5% 
skimmed milk powder 
Antibody  solution PBS, 0.1% Tween 20, 3% BSA, with 
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0.01% azide sodium 
 
 
2.2.1 PAGE and western blotting for protein samples 
10-20μg of protein extracts were mixed with equal volume of 2X SDS loading 
buffer and boiled for 5min, after which the samples were spun for 5min at top speed and 
loaded on the PAGE gel. Electrophoresis was carried out in a minigel apparatus (Biorad) 
and 80V for 20min and subsequently at 180V for 1-2h. Transfer onto PVDF membrane 
(Biorad) was carried out in a trans-blot electrophoretic transfer cell (Biorad). The transfer 
was performed at 100V for 1-2h in the cold room, with a magnetic stirrer to recirculate 
the transfer buffer. 
2.2.2. Immunological detection of proteins 
The membrane was blocked in blocking solution at RT for 2-3h or overnight at 
4ºC. It was then incubated in primary antibody diluted in antibody solution for 3h at RT. 
This incubation was followed by 3 washes in PBTw (PBS+0.1% Tween20) for 15 min 
per wash. The membrane was then incubated in secondary anti-mouse, anti-rabbit and/or 
anti-guinea pig IG antibodies coupled with HRP (Immuno Jackson), at a dilution of 
1:2000-1:10,000 in PBTw, for 1h at RT. The membrane was then washed as before and 
the antibodies bounded to the membrane were detected by chemiluminescence using the 
ECL system from Perice. 
2.2.3. Immunoprecipitation experiments (IP) 
Ovaries were dissected in cold PBS and stored on ice before lysis in a buffer 
consisting of: 20mM Tris.Cl pH7.4, 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton 
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X-100, 2.5mM sodium pyrophosphate and protease inhibitors (Roche, Sigma). The 
ovaries were then treated with grinding and passed through 21G needles 3-5 times. The 
lysates were then centrifuged at 4ºC for 15min. the supernatant was used for co-IP (this 
involves mixing the lysate with the Ab used in the immunoprecipitation for 2h followed 
by adding sepharose A+G beads for 1h, all at 4ºC, then the beads were rinsed 3 times 
with the lysis buffer and washed 5-7 times with lysis buffer, 5min each. After the 
washing buffer was removed, 20-50μl 2X loading buffer was added to the beads and 
heated at 100ºC for 5min. The samples can be stored at -20ºC, until required for western 
blotting assays). 
The IP’s were then subjected to western blotting using standard protocols 
described above. The blot was then probed with Abs to see if two or more proteins are 
present in the same complex in vivo.  
2.2.4. co-IP for Embryos 
1, Embryo extraction 
5 volumes of lysis buffer were added to dechorinated embryos and homogenized 
on ice. Following incubation for 30 min at 4ºC. The homogenate was spin for10 min at 
14k rpm at 4ºC. Supernatant was collected, avoiding any floating lipid. 
2, IP 
2-6μl polyclonal antibodies, (or 4μl of conjugated beads) was added to 1mg of 
embryo extract and 500 μl of lysis buffer. Following ncubation at 4ºC for 2 hrs, 40μl of 
protein A/G beads was added. The mixture was incubate at 4ºC for 1 hr, spun at 4ºC at 4k 
rp, wash 3 times, 10 min each with lysis buffer, and resuspended in SDS buffer. 
Lysis Buffer 
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1, from Juergen lab: 25mM Tris-Cl 8.0, 27.5mM NaCl, 20mM KCl, 25mM 
Sucrose, 10mM EDTA, 10mM EGTA, 1mM DTT, 10% Glycerol, 0.5% NP40, protease 
inhibitors  
2, from Nusse lab: 1% TritonX-100; 50mM Tris-Cl 8.0, 150mM NaCl, protease 
inhibitors. 
2.2.5. GST-fuion protein 
Small scale: 
Inoculate single colony in 3ml LB (with antibiotics), culture to OD600 0.6-0.7, 
split 1.5ml for induction, keep the rest for control with shaking, add IPTG to 0.5-1mM 
and culture for additional 3-4h. Spin down 1.5ml induced culture for 30sec at maxi speed. 
Resuspend in 400μl of PBS+1% Triton X-100, 0.5mg/ml lysozyme (can also add DNaseI 
and RNase to 5μg/ml, but not necessary), vortex to mix well 10-30sec. Put on ice for 
10min to cool down. Sonication with small probe for 10sec on, 10sec off, 10sec on. Spin 
at maximum speed for 1min at 4ºC (for insoluble protein, see below). Keep supernatant 
separately and resuspend pellet in 400μl of PBS, take 20μl of each sample (supernatant 
and pellet resuspension), mix with 2X protein sample buffer, boil for 10min then run 
SDS-PAGE as above, to determine the solubility of the fusion protein. 
For insoluble protein: after spinning down, resuspend pellet in 400μl of PBS 
with 1.5% N-lauroylsarcosine, 25mM DTT, 1mM EDTA, keep mixture at 4ºC for 20-
30min (this step will release the fusion protein from the pellet), spin for 2min at 
maximum speed, keep supernatant (contains the fusion protein), take 20μl of solution to 
run SDS-PAGE as described above. Keep the rest at 4ºC, you can use this for GST-beads 
binding test. Prepare a series of solutions with PBS to N-lauroylsarcosine of 0.2%, 0.5%, 
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0.8%, 1%. For each dilution (use 200-300μl solution), add 50μl of GST beads then 
incubate at 4ºC for 30min. Wash with PBS with 0.2% N-lauroylsarcosine, 25mM DTT 
solution 3 times. Add protein loading dye then boil sample and run gel (this step is used 
to determine which concentration of N-lauroylsarcosine is ideal for binding). 
For large-scale purification, scale up the size, performing the operations in a 
cold room, also see below. 
2.2.6. GST fusion protein purification 
A single colony was picked and inoculated in 5mL culture media (LB+ 
antibiotics) and allowed to grow O/N. Then inoculated the overnight culture into 500 ml 
culture media, grow at 37ºC until OD600=0.6-0.8 (2-3h), added IPTG to 0.5 or 1mM 
final, induced overnight at RT or 3-4 hours at 37ºC. The culture was spun at 5k rpm for 
10 min to pellet bacteria. The pellet wasresuspend in 25 ml GST-Extraction Buffer + 
lysozyme + DNaseI, incubated on ice for 15 min, sonicated 20 seconds, 4-6 times with 
sufficient interval, filtered the supernatant through a 0.45 um filter (can be frozen at this 
step by adding 1ml of 80% glycerol per 10ml of extract, flash freeze in liquid nitrogen, 
store at -80ºC). Prepare the collum by loading 1ml of GST-sepharose slurry (Pharmacia) 
into column (0.8ml beads), wash with 20ml GST buffer, pass extract through the column 
2X (or the binding step could be carried out for 1h at 4ºC), wash with 50-100ml of GST 
buffer, elute with gradients of glutathione in GST buffer, collect fractions. The elutant is 
analyzed by SDS-PAGE. Cleavage of thrombin (optional): don’t use column, instead do 
binding in 50ml tube at 4ºC for 2h, spin down, wash 3X50ml. Add 0.5 or 1ml thrombin 
cleavage buffer to beads. Transfer to 2ml tube. Add 70μl of thrombin per 0.5ml buffer 
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(10μg/ml). Incubate at RT with shaking for 30min, spin down, transfer supernatant to 
fresh tube and add PMSF to 1mM final concentration.  
GST buffer: 400ml PBS, 20ml of 1M Tris.Cl pH8.0 (50mM), 4ml of 10% Triton X-
100 (0.1%), 0.2ml of 1M MgCl2 (0.5mM). 
GST extraction buffer: (for 10ml of GST buffer): 1mg/ml lysozyme (0.1ml of 
100mg/ml stock), 50μg/ml DNaseI (50μl of 10mg/ml stock), 5mM DTT (50μl of 1M 
stock). 
Elution buffer: (for 10ml of GST buffer): 30mg of reduced glutathione, 0.8ml of 
80% glycerol. 
Thrombin cleavage buffer: 50mM Tris.Cl pH8.0, 150mM NaCl, 2.5mM CaCl2, 
0.1% beta-mercaptoethanol. 
Thrombin use at 10μg/ml. Stock 100unit/ml 
T7513 (Sigma) 250units=306 NIH units=174μg/2.5ml, 1μg=1.76units=14.4μl. 
2.2.7. His-tagged fusion protein purification 
Incubate O/N culture (5 ml) into 500ml of LB (with antibiotics), grow the culture 
till OD600=0.6-0.8, induce with 1mM IPTG O/N at RT for 3-4 hr. Spin down to collect 
bacteria pellet. Rinse pellet with water and resuspend in cracking buffer, sonicate 
3X1min, spin down at top speed (15K) for 30min. keep the supernatant. To freeze at this 
point, add 1ml 80% glycerol per 10ml extract, flash frozen in liquid nitrogen, and store at 
-80ºC. Wash/equilibrate Ni2+ beads with 25 or 50 mM imidazole wash buffer (25 for 
DNAP, 50 for others). Use 1.5ml slurry for 500ml prep, can be reused for same protein 
by washing beads with wash buffer after elution. Pack beads in column. Pass extract 
through column, repeat the binding step. Wash with either 25mM or 50mM imidazole 
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wash buffer, 50-100ml. Elute with 250mM imidazole buffer. Collect 1ml or 1.5ml 
fractions (10tubes). First fraction normally has no protein, tubes 2-5 usually have the 
most protein. Analyze on SDS-PAGE (10μl). Flash freeze remaining samples 
individually or after pooling. 
Cracking buffer: (250ml): 25ml of 1M Hepes-KOH pH7.3 (100mM), 1.25ml of 
1M MgCl2 (5mM), 62.5ml of 2M KCl (500mM), 2mM beta-mercaptoethanol, 1mM 
PMSF, 5mM ATP (for NSF only), 0.1% Triton X-100 (for some proteins). 
100ml of 1X: 94ml cracking buffer, 14μl beta-ME, 5ml of 0.1M ATP (NSF only), 
200μl DNaseI, 100μl protease inhibitors, 1ml 10% TX-100. 
5X base buffer (500ml): 50ml of 1M Hepes (100mM), 250ml of 2M KCl (1M), 
50% glycerol. 
Wash and elution buffer (100ml/250ml):  
                                                            25mM               50mM                     250mM 
5X base                                                20/50                 20/50                        20ml 
1M imidazole                                      2.5/6.25              5/12.5                       25ml 
2mM beta-ME(7200X)                       14/35                  14/35                        14μl  
0.5mM ATP (200X)                            0.5/1.25              0.5/1.25                    0.5ml 
water                                                    77/192.5            74.5/186.25               55ml 
 
2.3. Immunohistochemistry and microscopy 
PBS 130mM NaCl, 7mM Na2HPO4, 3mM NaH2PO4, pH7.5 
PBT PBS with 0.1% Triton X-100, unless otherwise specified 
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PBTw PBS with 0.1% Tween 20, unless otherwise specified 
 
20% PFA 
(for 50ml), 10g PFA, 100μl 10N NaOH in 40ml PBS, dissolve 
at 65ºC, make total vol to 50ml by adding PBS, store at 4ºC for 
4 weeks. 
4% PFA 0.2 vol 20% PFA, 0.1vol 1M Hepes pH7.4, 0.7vol PBS 
 
2.3.1. Fixing of wing imaginal discs 
3rd instar larva were dissected in cold PBS and imaginal discs including wing 
discs were fixed in 4% PFA on ice for 20min with rolling. After fixation, the fixative was 
removed and the discs were rinsed with PBTw 3 times followed by 3 times wash with 
PBTw, 5 min each. 
2.3.2. Fixing of Drosophila ovaries 
Ovaries were dissected and separated with Tungsten needle in cold PBS and fixed 
in 4% PFA for 20min rolling at RT. After fixation, the fixative was removed and ovaries 
were rinsed with PBT 3 times followed by 3 times wash with PBT, 5 min each. 
2.2.3. Fixing of embryos 
Embryos were collected and rinsed with PBS, then dechorinated with 50% bleach 
for 2min, followed by wash with PBT. The embryos were transferred into scintillation 
vials containing 5ml 4% PFA and 5ml heptane and were fixed by vigorous shaking for 
12min. the lower fixative phase was removed and 5ml methanol added. The vials were 
shaken vigorously for 1min to devitellinise the embryos. The devitellinised embryos sank 
to the bottom. Embryos were then collected by pipette tip and washed 3 times with 
methanol. The fixed embryos can be stored in methanol at -20ºC.  Prior to 
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immunostaining, the embryos were rehydrated by giving them 3 washes in PBT for 
10min each. 
2.3.4. Antibody staining of fixed tissues 
The fixed tissues were first blocked in 3% BSA in PBT (or PBTw) for at least 
30min. They were then incubated with primary antibodies diluted in 3% BSA in PBT (or 
PBTw) for 3h at RT or O/N at 4ºC. Then the antibody solution was removed (or kept if to 
be reused, with 0.01% sodium azide added), the tissues were rinsed with PBT (or PBTw) 
3 times, then washed with PBT (or PBTw) 3 times, 5min each. Then Cy3 (1:500-1000), 
Cy5 (1:100-400), FITC (1:500-1000)-conjugated secondary antibodies were added in 
PBT (or PBTw) (Invitrogen, Immuno Jackson). In case of phalloidin staining, Alexa-568 
phalloidin (Molecular Probes) (1:200-500) was added along with the secondary 
antibodies. The secondary antibody staining was carried out at RT for 2h. The rinse and 
washing procedures were repeated after secondary antibody incubation. For DNA 
staining, TO-PRO III was added at 1:5000-10000 dilution in PBT (or PBTw) for 10min. 
Remove the solution completely and add 1 drop of Vectashield mounting medium 
(Vector Laboratories), store the samples in –20 ºC freezer or incubate in RT for 10-20 
min if need to be mounted immediately. 
In case of staining samples with multiple antibodies, the samples were first 
incubated with the first primary antibody diluted in 3% BSA in PBT (or PBTw) for O/N 
at 4ºC after blocking, rinsed and washed with PBT, then incubated with the second 
primary antibody diluted in 3% BSA in PBT (or PBTw) for 3h at RT. After incubation, 
the rinse and washing procedure was repeated. If a 3rd primary staining is needed, 
incubate the samples with the 3rd primary antibody diluted in 3% BSA in PBT (or 
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PBTw) for O/N at 4ºC or at RT for 3h, then, rinse and wash with PBT. Cy3 (1:500-1000), 
Cy5 (1:100-400), FITC (1:500-1000)-conjugated secondary antibodies were added in 
PBT (or PBTw) (Invitrogen, Immuno Jackson) and incubate at RT for 2h. Rinse and 
wash samples and add mounting medium. 
2.3.5. MT staining in ovaries (preservation of MT) 
Dissect and separate ovaries in BRB80+1% Triton X100. Leave the ovaries at 
25C for 1h without agitation, fix with –20ºC methanol at –20ºC for 15min. Rehydrate in 
PBTw for 15h and Block in 3% BSA in PBTW for 1h. Add anti-α-tub Ab in PBTw for 
O/N at 4ºC. Wash with PBTw 15minX3. Add secondary Ab for 2-4h in PBTw at RT. 
Wash with PBTw 15min X3. Then carry out DNA staining (optional). Add mounting 
medium. 
2.3.6. Dhc staining in Drosophila ovaries 
Ovaries were dissected in cold PBS, fixed in 4% PFA for 15min, washed in 
PBTw 10min, dehydrated in methanol and kept in 100% methanol at –20ºC O/N, 
thenrehydrated in PBTw at 4ºC for 4-8h. Ovaries were blocked in PBTw+5%NGS for 
30min. and incubated with P1H4 anti-Dhc (Mcgrail and Hays, 1997), washed in 
PBTw+0.2%BSA several times in 2h, blocked in PBTw+5%NGS for 30-60min then 
incubated in PBTw+5%NGS with secondary antibodies at 4ºC O/N. After these steps, 
ovaries were washed 3 times in PBTw+0.2%BSA and dehydrated in methanol for 5min. 
and mounted in mounting medium. 
2.3.7. Antibodies used in this study 
Antibody  Dilution Source Reference 
Mouse anti-Crumbs (Cq4)  1:50 DSHB (Tepass and Knust, 1990) 
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Rat anti-Crumbs intracellular 
domain 
1:500 H. Bellen (Bhat et al., 1999) 
Rabbit anti-aPKC 1:1000 Santa Cruz  
Rabbit anti-Bazooka 1:1000 F. Matsuzaki (Ohshiro et al., 2000) 
Rabbit anti-Stardust 1:1000 E. Knust (Bachmann et al., 2001) 
Rabbit anti-Patj/Dlt 1:1000 H. Bellen (Bhat et al., 1999) 
Mouse anti-Arm (N2 7A1) 1:50 DSHB (Riggleman et al., 1990) 
Rabbit anti-Scribble 1:500 D. Bilder (Bilder and Perrimon, 
2000) 
Guinea pig anti-Scribble 1:500 D. Bilder  
Mouse anti-Dlg (4F3) 1:50 DSHB (Parnas et al., 2001) 
Mouse anti-α-tubulin 1:1000 Sigma  
Rabbit anti-β-Galactosidase 1:5000 Cappel  
Mouse anti-β-Galactosidase 1:1000 Promega  
Mouse anti-c-myc 1:1000 Sigma  
Rabbit anti-c-myc 1:1000 Upstate 
Biotech 
 
Mouse anti-Dhc (P1H4) 1:200 T. Hays (McGrail and Hays, 1997) 
Mouse anti-Flag 1:1000 Santa Cruz  
Rabbit anti-phospho-Histone 3 1:1000 Sigma  
Mouse anti-NECD (C458.2H) 1:100 DSHB (Diederich et al., 1994) 
Rat anti-NECD 1:500 M. 
Muskavitch 
(Klueg et al., 1998) 
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Mouse anti-NICD (C19.9C6) 1:100 DSHB (Fehon et al., 1990) 
Guinea pig anti-NICD 1:500 This study  
Mouse anti-Orb 1:50 DSHB (Lantz et al., 1994) 
Mouse anti-Cut (2B10) 1:100 DSHB  
Rabbit anti-Rab5 1:50 M. 
González-
Gaitán 
(Wucherpfennig et al., 
2003) 




Rabbit anti-Larva lamp 1:500 JC. Sisson 
W. Sullivan 
(Sisson et al., 2000) 
Guinea pig anti-Hrs 1:100 H. Bellen (Lloyd et al., 2002) 
Guinea pig anti-Sec15 1:500 H. Bellen (Mehta et al., 2005) 
Mouse anti-FasIII (7G10) 1:100 DSHB (Patel et al., 1987) 
Mouse anti-Ubiquitin (P4D1) 1:100 Santa Cruz  
Rabbit anti-Ubiquitin (FK2) 1:100 Upstate 
Biotech 
 
Mouse anti-Sec5  1:500 Y. Bellaïche (Langevin et al., 2005) 
 
2.3.8. In situ hybridization of Drosophila ovaries 
2.3.8.1 Making probes for in situ hybridization 
Templates for the probes were either amplified from genomic DNA or cDNA 
using primers incorporated with T7 and/or Sp6 promoter sequences. Antisense probe is 
transcribed from the 3’end of the coding region of the target, while control sense probe is 
transcribed from the 5’end of the coding region of the target. The templates were purified 
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after PCR reaction by GFX purification kit (Amersham) and eluted in DEPC-treated 
deionised water. Or the templates can be prepared by taking 3-5μg of Qiagen Midi or 
Maxi prep DNA for digestion and recovered using GFX purification kit and eluted in 
DEPC-treated deionised water. The probes were DIG-labeled using Roche DIG RNA 
labeling Kit (Sp6/T7) (Cat No: 1 175 025). The labeling reaction was assembled as 
follows: about 1μg of template (up to 13μl), 2μl of NTP labeling mixture, 2μl of10X 
transcription buffer, 1μl of RNase inhibitor, 2μl of RNA polymerase (T7/Sp6) (the vol 
can be scaled up or down), mix well and spun briefly, incubate for 2-6h at 37ºC, add 2μl 
of RNase-free DNase I and incubate for 15-30min at 7ºC, add 2μl of EDTA (0.2M) to 
stop the reaction. Add 2.5μl of 4M LiCl and 75μl of (-20ºC) prechilled absolute ethanol. 
Mix and leave for at least 30min at -80ºC. Spin for 15min at top speed at 4ºC then wash 
the pellet with prechilled 70% ethanol, air dry and dissolve in suitable amount of RNase-
free water (30-50μl). Take 3-5μl of probe for RNA in situ hybridization (final 
concentration ~0.5ng/μl). 
2.3.8.2. in situ hybridization 
Ovaries were dissected and separated in cold PBS and fixed in 4% PFA in PBS 
(single fixing in 4% methanol-free formaldehyde of 4% freshly made PFA is sufficient) 
for 20min. Ovaries were washed in PBTw (DEPC-treated PBS) 5 times 5min each, 
washed in PBTw/hybridization BF 1:1 for 5min, washed in hybridization buffer for 5 
min. Ovaries were pre-hybridized in 1ml hybridization BF for more than 1.5h at 65ºC 
heat block/water bath, hybridized in 50μl (or 1ml) hybridization BF at 65ºC water bath 
O/N (with probe conc. at around 0.5ng/μl depending on the probe and transcript 
aboundancy), washed in hybridization BF 30 min at 65ºC,  washed in hybridization 
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BF/PBTw 1:1 30min at 65ºC. Ovaries were washed in PBTw 4 times 20min each at 
65ºC,washed in PBTw 20min each at RT for 1-4 times, incubated in HRP-conjugated 
anti-DIG IgG (Roche, called POD, cat No 1207 733) at 1:200 dilution in PBTw O/N at 
RT. Washed 3X10min in PBTw, followed by tyramide staining. 
Tyramide staining: dilute the tyramide reagent at 1:10-1:50 (depending on the 
probe and the kit) in amplification diluent provided with the TSA Fluorescein System kit 
(PerkinElmer, cat No). The ovaries were then stained for 25-60min in the dark 
(depending on the probe). They were then washed 3X10min in PBTw. The PBTw was 
then removed, Vectshiled added and the samples were mounted. 
2.3.8.3 in situ hybridization coupled with immuno-fluorescent staining 
Perform the in situ hybridization procedure until the washing steps following the 
hybridization step. Incubate the HRP-conjugated anti-DIG IgG at 1:200 dilution in PBTw 
(at RT) together with your primary antibody O/N. wash 2X20min in PBTw, incubate 
with secondary antibody in PBTw for 1.5h (in dark), then proceed with the step of in situ 
hybridization washing after POD. Alternatively, after finishing the wash after tyramide 
staining, the samples were blocked in 3%BSA in PBTw for 2h at RT, and then follow the 
normal immunofluorescent antibody staining protocol. 
Hybridization buffer: 50% formaldehyde, 5X SSC, 0.1% Tween20, 50μg/ml 
heparin, 100μg/ml salmon sperm DNA. 
2.3.9. Fluorescent transcript synthesis and microinjection into embryos 
2.3.9.1. in vitro labeling of capped fluorescent transcript 
Transcripts used for in vitro labeling were first amplified from genomic DNA 
carrying Crumbsintra transgene, recovered and then subcloned into pGEM T-easy vector. 
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The orientation of the insertion was verified by DNA sequencing. Constructs with the 
right orientation from Midi or Maxi preps (Qiagen) were linearized with restriction 
enzyme digestion at the 3’end of the transcript, then the linearized templates were 
recovered using GFX purification kit (Amersham) and eluted in 30-50μl of RNase-free 
water. Assemble the labeling of capped transcription reaction on ice using Message 
mMACHINE, high yield capped RNA Transcript kit (Ambion, cat No: 1340,1344,or 
1348) as follows: add Nuclease-free water up to total vol 20μl, 5μl of 2X NTP/CAP, 5μl 
of Alexfluor-488/546 UTP (Molecular Probes), 2μl of 10X reaction buffer, 1μg of 
linearized template DNA, 2μl of enzyme mix. Gently mix and spin briefly, incubate for 
2-6h at 37ºC, add 2μl of TURBO DNase then incubate for 15-30min at 7ºC, add 2μl of 
EDTA (0.2M) to stop the reaction. Add 2.5μl of 4M LiCl and 75μl of (-20ºC) prechilled 
absolute ethanol. Mix and leave for at least 30min at -80ºC. Spin for 15min at top speed 
at 4ºC then wash the pellet with prechilled 70% ethanol, then with absolute ethanol, air 
dry and dissolve in suitable amount of RNase-free water (30-50μl). Incorporation of 
fluorochrome in the labeled transcripts was calculated according to manufacturer’s 
instructions. Fluorescent RNAs typically contained 1 fluorochrome per 250 nucleotides 
for Alexa-543(or 488)-labeled transcripts. 
2.3.9.2. Preparation of blastodermal embryos and microinjection 
Embryos were collected at 20 min interval and develop at 25ºC for another 2-2.5h 
to reach blastoderm stage. These embryos were collected (from the small juice plate) and 
rinsed with PBS twice, then dechoronized with 50% bleach for 2min, rinsed twice with 
PBS, and then aligned on the cover slide following standard protocol for germline 
transformation. After these, these embryos were dried in a bottle containing silicone gels 
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for 10-12min, then put onto a slide with a drop of halocarbon oil and injected under a 
phase contrast microscope (Nikon SCLIPSE TE2000-S). Typically, embryos were 
injected with 200ng/µl labeled RNA. After microinjection, the embryos along with the 
slide were put in a wet chamber for 10min at 25ºC in the dark. For the preinjection of 
embryos with antibodies and MT drug, the embryos were injected with antibodies and/or 
MT drug first, then kept in a wet chamber for 10min at 25ºC in the dark, followed by the 
injection of the fluorescent labeled RNA at the same injection site as the 1st injection. 
Then the embryos were examined under the confocal microscope (Zeiss Upright LSM510 
META) and the localization and transportation of the injected RNA were viewed under 
546 or 488nm light. To observe the real time transport of the injected RNA, the embryos 
after injection were immediately examined under the confocal microscope and viewed 
under 546/488nm light, the movement of the injected RNA was recorded by time series 
scanning at the confocal microscope, with 5sec intervals. 
2.3.10. Endocytosis assay 
Wing disc complexes from 3rd instar larva were dissected in cold PBS and 
incubated with antibody against the extracellular domain of either Crumbs (1:20) and 
Notch (1:50) in the presence of 20-OH (Sigma) for 2-2.5h at 4ºC, followed by rinse with 
cold PBS to remove unbound antibodies. Then the samples were chased at 25ºC to let the 
protein undergo endocytosis, the chases were stopped at various time points. The samples 
were washed 3 times with PBTw and fixed in 4% PFA as described above followed by 
rinse and wash procedure. Fluorescently conjugated secondary antibodies were added to 
directly detect the endocytosed proteins in the cytoplasm. The mounted samples were 
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examined at the cell surface and 2μm below to detect the presence of endocytosed 
proteins. 
2.3.11 Transfection of S2 cells, treatment with dsRNA and co-IP  
Split the cells the day before transfection (about 106-107 seeding rate), on the day 
of transfection, harvest cells by centrifuge (1000rpm, 5min), and wash cells once with 
PBS, then resuspend the cells in culture medium. Seed 2x107 (2x106) S2 cells for 100mm 
cultural dish (6-well cultural plate) in 7ml (1.6ml) medium. Dilute 2μg (0.4μg) DNA 
(including all DNA constructs), can also add 0.5μg (0.1ug) dsRNA for RNAi, with buffer 
EC to a final vol of 300μl (100μl), add 16μl (3.2μl) enhancer and mix by vortex for 1s. 
Incubate the mixture at RT for 5min and then spin briefly to collect liquid to bottom. Add 
60μl (10μl) Effectene reagent to DNA-enhancer mix. Mix by pippetting up and down 5 
times or vortex for 10s and incubate at RT for 10min to let the formation of transfection 
complexes. Add 3ml (0.6ml) cultural medium, mix by pippetting and add the transfection 
complexes drop-wise onto the cells in the dishes. Gently swirl the dish to mix well. Add 
15μg dsRNA to the medium and gently swirl the dishes to mix well. Incubate for 48h for 
effective knockdown. Add another15μg dsRNA to the medium and gently swirl the 
dishes to mix well to further knock-down the target genes. For induction of gene 
expression, inducer (CuSO4, final conc. 0.7μM) was added 12-16h  before harvesting 
cells. For the inhibitor and drug treatment, the inhibitor/drug was added 4-6h before cell 
harvesting. Cells were harvested and lysed in 400μl  (200μl) IONIC lysis buffer 
containing a protease inhibitor cocktail (50mM Tris.Cl pH8.0, 50mM NaCl, 0.5% NP40, 
0.05% SDS) for 1-1.5h at 4ºC, lysates were clarified by centrifugation for 15min at 
12000rpm (or 3000rpm 5min) 4ºC. the supernatant were incubated with 40μl anti-FLAG 
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M2 affinity Gel or HA.1.1 Monoclonal antibody affinity Matrix or Myc Monoclonal 
affinity Gel 4ºC for 2-4h (in case of traditional IP, the antibody was added and incubated 
for 2-4h and later protein A plus G beads were added and further incubated for 1-2h to 
facilitate the binding), the Matrix/beads were washed with IONIC lysate buffer 4-6times 
5min each, finally 40μl of 2x loading buffer was added and boiled before SDS-PAGE and 
western blot. 
2.3.12 in vitro de-phosphorylation assay 
Phosphorylated Crumbs proteins were co-IPed from Rab5 RNAi mutant 
background using method described above. The PP2A complex was purified/IPed from 
transfected S2 cells using FALG beads as described above. Incubate 150ng 
phosphorylated Crumbs with HA beads in dephosphorylation buffer for various time 
points (0min, 30min, 60min) at 30°C.Add SDS loading buffer and boil it to stop 
dephosphorylation and run SDS-PAGE and western blot to analyze the phosphorylation 
status of Crumbs protein using phospho-specific antibodies. 
2.3.13 Confocal microscopy analysis and image processing 
Fluorescently stained and mounted tissue samples were analyzed with Zeiss 
Upright LSM510 META microscope. All digital images were processed using Adobe 
Photoshop. 
2.4 MT drug treatment 
Flies were starved at 25ºC for 2h with humid plug. Then they were fed with yeast 
paste made using 150-200μg/ml colchicine in water at 25ºC for 16-24h. Following 
treatment, ovaries were dissected either for co-IP or FISH as described above. 
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2.5. Fly genetics 
2.5.1. Fly stocks used in this study 
Fly stocks  Chromosome Source Reference 
FRT79D-Glued1L /TM6Tb 3rd  Cathy (Slack et al., 2006) 
FRT79D-Dhc902 /TM6Tb 3rd Cathy (Slack et al., 2006) 
FRT79D-Glued1 /TM6Tb 3rd BL5750, 
Bloomington 
 
FRT79D-Dhc4-19/TM6Tb 3rd BL5274 
Bloomington 
(Gepner et al., 1996)
Dhc3-2/TM6Tb 3rd TS Hays (McGrail et al., 
1995) 
Df(3l)10H/TM6Tb 3rd TS Hays (Gepner et al., 1996)
p{Dhc64C}  X TS Hays (McGrail et al., 
1995) 
FRT79D-Dhc973/TM6Tb 3rd Cathy (Slack et al., 2006) 
FRT82B-crb11A22 /TM6Tb 3rd E Knust (Jurgens, 1984) 
UAS-Crbintra-myc  2nd  E Knust (Wodarz et al., 
1995) 
UAS-Crbfl-myc  2nd  E Knust (Wodarz et al., 
1995) 
UAS-Crbextra-GFP   U Tepass (Pellikka et al., 
2002) 
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UAS-Crbintra-myc-wo 3rd  This study  
FRT19A-N55e11/FM7 X DSHB  
FRT101-N55e11/FM7 X DSHB  
FRT40A-Kuze29-4/Cyo 2nd  BL5804  
FRT79D-psn143 /TM6Tb 3rd  BL8296  
FRT79D-psn227/TM6Tb 3rd  BL8303  
FRT82B-SerRx82, DlRevF10 
/TM6Tb 
3rd  BL6300  
FRT40A-Rab52/Cyo 2nd   M Gonzalaz-Gaitan (Wucherpfennig et 
al., 2003) 
FRT82B-Rab11EP /TM6Sb 3rd  D Ready  
UAS-p25RNAi 3rd  NIG-FLY  
UAS-Dhc64CRNAi 3rd  VDRC  
UAS-Rab11DN-GFP 2nd and 3rd M Gonzalaz-Gaitan  
UAS-Rab5DN-GFP 2nd and 3rd  M Gonzalaz-Gaitan  
UAS-Rab11RNAi 3rd VDRC  
UAS-Rab5RANi X VDRC  
UAS-aPKCDN 3rd   S Compuzano (Sotillos et al., 
2004) 
 
2.5.2. Mutant clone generation and flip-out expression 
To generate mutant clones (germline and/or somatic cells), FRT-FLP technique 
was used with the following protocol: (for negative clone and positive clone (MARCM)) 
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virgin flies bearing hs-FLP; FRT-ubi-nls-GFP (or hs-FLP; FRT-tub-GAL80; tub-GAL4) 
were mated with mutant flies bearing the same FRT site. The flies were allowed to lay 
eggs for a few days and when the larva reach 3rd instar, 4 consecutive heat shocks at 37ºC 
were given with the interval of more than 12h (larval heat-shock), or the 2-3d hatched 
flies were given 4 consecutive heat shocks at 37ºC with the interval of more than 12h (fly 
heat-shock). After all heat shocks finished, the flies were fatten in vials supplemented 
with wet yeast paste at 25ºC, and transfer to new vials with wet yeast paste every day. 
The ovaries were dissected and separated from the flies at various time points and fixed 
and stained using methods described above. 
To carry out expression of RNAi or dominant-negative (DN) or transgene, flip-
out system was used.  
2.5.3. Single fly PCR 
A single fly was placed in a 0.2μl tube containing 50μl squashing buffer (10mM 
Tris. Cl pH8.2, 1mM EDTA, 25mM NaCl, 200μg/ml protease K, the enzyme diluted 
freshly from a stock solution) and mashed for 5-10s with a pipette tip, without expelling 
any liquid (sufficient liquid escapes from the tip). The tubes were then incubated at 37ºC 
for 30min, and then followed by heating at 95ºC for 2min to inactivate protease K. 1.5μl 
of the DNA solution from a single fly was then used for one PCR reaction in 20μl vol. 
2.5.4. Germline transformation 
To make transgenic flies, target gene(s) were cloned into pUAST or pUASP 
vector and injected into yw (or crb) embryos using standard procedures. F0 flies were 
backcrossed with yw and the w+ transformant progenies were collected and balanced. To 
ensure that these transgenes are capable of producing the target proteins, several 
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individual transformants were tested using either AyGAL4 or Mata-GAL4. 
Immunostaining was used to detect the expression of transgene and protein amount was 
compared by western blot. 
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Chapter 3 Dynein-mediated apical localization of crumbs 




Cell polarity is a fundamental aspect of all cells. Metazoan epithelial cells are 
polarized along the apico-basal (A/B) axis and this polarization is important for the 
formation and function of the epithelial structures they comprise (Doe and Bowerman, 
2001; Knust and Bossinger, 2002; Macara, 2004; Nelson, 2003; Shin et al., 2006; Tepass 
et al., 2001). Along with this polarization, their plasma membranes are 
compartmentalized into several distinct domains with different protein complexes 
differentially localized along the A/B axis. For example, the Crb complex (Crb, Stardust 
[Sdt] and dPatj/Discs lost [Dlt]) localizes at the apical domain, the Baz complex (PAR-
3/Baz, PAR-6, and aPKC) localizes at the sub-apical domain, while the Scribble complex 
(Discs large, Lethal giant larvae, and Scribble) is localized at the lateral domain. Genetic 
studies in Drosophila have revealed that these protein complexes function in a sequential 
yet interdependent manner to regulate the establishment, elaboration and maintenance of 
cellular polarity. During the establishment of embryonic epithelial polarity, the Baz 
complex acts first in the hierarchy to specify the apical domain (Bilder et al., 2003; Harris 
and Peifer, 2004; Harris and Peifer, 2005; Tanentzapf and Tepass, 2003). The Scrib 
complex then functions as a basolateral determinant by repressing the apicalizing activity 
of the Baz complex. Finally the Crb complex is targeted to the apical membrane to 
 63
antagonize the activity of the Scrib complex (Bilder et al., 2003; Tanentzapf and Tepass, 
2003; Tepass et al., 2001).  
Drosophila Crb, a transmembrane protein with extracellular EGF-like repeats, 
localizes on the apical domain and acts as an apical domain determinant by organizing a 
protein network that regulates A/B polarity (Tepass et al., 1990; Wodarz et al., 1995). 
Over-expression of Crb is sufficient to cause an expansion of the apical membrane at the 
expense of the baso-lateral domain in Drosophila epithelial cells (Tepass et al., 1990; 
Wodarz et al., 1995).  The cytoplasmic domain of Crb binds Sdt and dPatj and these 
molecules are mutually dependent for their localization and function (Bachmann et al., 
2001; Bhat et al., 1999; Hong et al., 2001; Tepass and Knust, 1993). The Crb complex is 
highly conserved in structure and function between flies and vertebrates (Hurd et al., 
2003; Lemmers et al., 2002; Roh et al., 2002), and mutations in human CRB1 have been 
linked to two severe forms of retinal dystrophy (Richard et al., 2006). However, it is 
unclear how this complex is asymmetrically deployed onto the apical domain.  
There are at least two different mechanisms for the asymmetric deployment of 
proteins (Bashirullah et al., 1998). The first one relies on the subcellular trafficking of 
proteins via the trans-Golgi network (Rodriguez-Boulan et al., 2005). Polarized 
deployment of the majority of transmembrane and secreted proteins is believed to be 
mediated by this mechanism (Yeaman et al., 1999). The second mechanism involves 
polarized localization of transcripts prior to translation (St Johnston, 2005). These 
transcripts encode a variety of cytosolic proteins, ranging from transcription factors to 
cytoskeletal proteins, for instance, oskar localization during Drosophila oogenesis and 
ash1 localization in dividing yeast cells (Ephrussi et al., 1991; Long et al., 2001). These 
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transcripts are believed to be transported in ribonucleoprotein particles (RNPs) by 
microtubule motors (de Heredia and Jansen, 2004). Cytoplasmic dynein is a class of 
minus end-directed motors and Drosophila dynein heavy chain at 64C (Dhc64C) is 
reiteratively utilized during development (Gepner et al., 1996; Harris and Peifer, 2005; Li 
et al., 1994; Martin et al., 1999; McGrail and Hays, 1997; Swan et al., 1999; Wilkie and 
Davis, 2001). There are a growing number of transcripts encoding secreted proteins, 
which exhibit polarized distribution. For example, the apical localization of wingless (wg) 
transcripts during early embryogenesis is required for effective Wg signaling (Neuman-
Silberberg and Schupbach, 1993; Simmonds et al., 2001). To date, there are relatively 
few reported examples of localized transcripts that encode transmembrane proteins and 
the functional relevance of these localized transcripts remains to be investigated (Brittis 
et al., 2002; Jüschke et al., 2004; Takizawa et al., 2000).  
I show here in this chapter that Drosophila cytoplasmic dynein complex is 
required for follicular cell polarity. Dynein activity is primarily required for the apical 
localization of the Crb complex and not other polarity complexes. I show that dynein 
transports both Crb protein and crb transcripts to the apical domain. Intriguingly, apical 
localization of crb transcripts is required for effective crb function. Thus, the results 
suggest that dynein-mediated apical transport of crb mRNA coupled with local 
translation may be involved in cell polarity. Finally, my data further indicate that the 
Crb/Sdt complex forms on the apical cortex and maintenance of this complex requires 




3.2.1 Cytoplasmic dynein complex is involved in FC polarity  
To identify novel genes that regulate epithelial polarity, we performed a mosaic 
screen in Drosophila FCs between stage 6 and 9 when cell polarity is evident. The FCs 
initially form a uniform, cuboidal epithelium surrounding the germ cells (Fig 3.1A), but 
undergo dramatic rearrangements during mid-oogenesis to create a columnar epithelium 
in the posterior of the egg chamber (EC), and a squamous epithelium in the anterior 
(Horne-Badovinac and Bilder, 2005). We used EMS mutant lines generated by Cathy et 
al. (Slack et al., 2006) on the left arm of the third chromosome and the Flp/FRT system to 
screen for epithelial defects in genetically mosaic FC epithelia. Mutant clones were 
identified by the lack of green fluorescent protein (GFP) and stained with rhodamine 
phalloidin (staining actin cytoskeleton) and To Pro III (staining DNA) to reveal cell 
shape. We screened approximately 1000 mutants and recovered 4 mutants that disrupt 
epithelial polarity. 
These 4 mutants fell into two complementation groups: one with 3 alleles (785, 
902 and 973) and one with a single allele (1L) that showed virtually an identical 
phenotype. All homozygous mutants died at the first instar larva stage. Each of the four 
mutations caused the cuboidal shaped epithelium to become round shaped, resulting in 
multi-layered FCs predominantly at the posterior pole of the egg chamber after stage 6 
(98%, n = 125). In addition, epithelial gaps that didn’t cover the germline cells were 
observed, which may arise from reduced cell-cell adhesion (Fig 3.1A-F). These 
phenotypes are reminiscent of the mutations of known genes controlling cell polarity, 
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such as crb and baz, suggesting that these mutations might also disrupt apico–basal 
polarity by affecting the specification of the apical membrane domain. 
Analysis of the polarized membrane markers showed that these mutants 
specifically disrupted apical localization of the Crb complex without markedly affecting 
the localization of the other cell polarity complexes. Crb localizes to the apical region in 
wildtype  FCs (100%, n > 1,000, Fig 3.2A), but is absent in mutant cells (100%, n = 245; 
Fig 3.2B, C), while Sdt and Patj/Dlt show cytoplasmic localization (100%, n = 156; Fig 
3.17A-F). The Adherens Junction (Armadillo [Arm]; 100%, n = 175, Fig 3.2D-F) as well 
as the Baz complex (100%, n = 212, Fig 3.2G-I) largely retain their normal localization, 
although their levels are somewhat reduced; the basolateral Scrib complex is slightly 
expanded into the apical domain, especially in multilayered FCs (100%, n = 260; Fig 
3.2J-L). 
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 Fig. 3. 1 902 and 1L are required for the follicular A/B polarity.  
GFPnls in green, DNA in blue, mutant clones marked by absence of GFP and apical up 
unless otherwise stated (same in following Figs). (A) wt FCs are cuboidal shape by 
rhodamine phalloidin (red). 902 (B) and 1L mutant (C) FCs show altered morphology. wt 
FCs are monolayer (D) while 902 (E) and 1L (F) mutant FCs are multi-layered at the 







Fig. 3. 2 902 and 1L are required for the apical localization of the Crb complex. 
Rhodamine phalloidin in red. GFPnls in green. Crb (blue) localizes to the apical domain 
of wt FCs (A), but is lost from the apical domain in 902 and 1L mutant FCs (B, C). Arm 
(blue) localizes to the AJs in wt FCs (D), and this localization is largely normal in 902 
and 1L mutant FCs (E, F). aPKC (blue) localizes to the apical region of wt FCs (G), its 
localization is largely unaffected in 902 and 1L mutant FCs (H, I). Scrib (blue) localizes 
along the lateral domain of wt FCs (J), and is largely normal in the 902 and 1L mutant 
cells (K, L).  
  
I employed deficiency mapping, followed by candidate gene analysis, to identify 
the genes disrupted in these new mutations. Three deficiency lines including BL3686 
(063F06-07; 064C13-15), BL3640 (072A03-04; 072D01-5), and 2993 (072C01-D01; 
073A03-04) failed to complement 902. 1L failed to complement BL6876 (065D04-05; 
065E04-06), BL4366 (070A01-02; 070C03-04 + 089; 089), and 3124 (070C01-02; 
070D04-05, 066E). Next, a group of overlapping smaller deficiency lines removing the 
above mentioned chromosomal regions was used to complement these two EMS lines to 
narrow down the genomic region. Df BL8061 (64B11-64D1) failed to complement 902. 
BL5413 (70C2-6-70E1) failed to complement 1L. Lethal P-element insertion lines in 
these regions were then used for candidate approach mapping. BL5274, a Dhc64C4-19 
allele, failed to complement 902. l(3)S027714, which is binl1, and BL5750, the Glued1 
allele, failed to complement 1L. These lethal mutations were recombined onto the FRT 
chromosome arm and clones were generated to examine the phenotype in follicular cells. 
Only Dhc4-19, a previously characterized strong allele (Gepner et al., 1996) and Glued1, a 
mutation that disrupts the p150 subunit of dynactin, which functions as an accessory 
complex of dynein in most, if not all, of the transport processes, showed identical 
phenotypes observed in 902 and 1L (Fig 3.3-3.4). Consistent with the notion that these 
phenotypes are specifically caused by dynein complex function, RNA-mediated 
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interference (RNAi) knockdown of p25 (another subunit of dynactin) (p25RNAi) showed 
identical phenotypes (Fig 3.5C, F, I, L). Furthermore, Df(3l)10H,a small deficiency line 
that deletes the Dhc64C genomic region, failed to complement 902,  and 
transheterozygotes died at first instar larvae like 902 homozygotes. Introduction of a copy 
of transgene Dhc64C into 902 not only totally rescued the lethality of 902 when it is 
heterozygous to Df(3l)10H, but also fully reverted the FC mutant phenotype (100%, n 
>500, Fig 3.6). Taken together, these dada show that 902 is a new Dhc64C allele, and 1L 
is a Glued allele. I henceforth refer them as Dhc64C902 and Glued1L, respectively. 
 
Fig. 3. 3 Dynein function is required for the follicular A/B polarity.  
GFPnls in green, DNA in blue, in this and following figures, mutant clones marked by 
absence of GFP and apical faces up. FCs are cuboidal shape by rhodamine phalloidin 
(red) in wt (A), but show altered morphological shape in Dhc64C4-19 mutant (B) and Gl1 
mutant (C). wt FCs are monolayer (D) while Dhc64C4-19 (E) and Gl1 (F) mutant FCs are 
multi-layered.                              
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Fig. 3. 4 Dynein is required for the apical localization of the Crb complex.  
Rhodamine phalloidin in red. GFPnls in green. Crb (blue) localizes to the apical region of 
wt FCs (A’), but is lost from the apical domain in FCs with compromised 
dynein/dynactin activity (B-C). Arm (blue) localizes to the AJs in wt FCs (D’), and this 
localization is largely normal in dynein/dynactin mutant cells (E-F). aPKC (blue) 
localizes to the apical region of wt FCs (G) and, aPKC localization is largely unaffected 
in dynein/dynactin mutant cells (H-I). Scrib (blue) localizes along the lateral domain of 
wt FCs (J’), and is largely nomal in the dynein/dynactin mutant FCs (K-L).  
 
As dynein is required for a number of essential cellular processes, it is difficult to 
study its function under strong loss-of-function conditions. Previous studies of dynein 
function in Drosophila embryos mainly relied on combinations of hypomorphic Dhc 
alleles or injection of anti-Dhc antibodies which only partially block dynein function, and 
these manipulations had failed to produce convencing evidence of dynein’s role in 
epithelial polarity (Gepner et al., 1996; Harris and Peifer, 2005; Wilkie and Davis, 2001). 
Recent data showed that dynein activity is required for Baz (the fly homologue of Par3) 
localization in embryonic epithelia (Harris and Peifer, 2005). However, dynein may 
indeed play a role in the apical targeting of Baz in the FCs. These data suggest that 
dynein functions primarily through the Crb complex to establish FC polarity (see below). 
This inconsistency may reflect the different requirement of dynein in these two systems. 
To identify the molecular lesion of these mutations, I next sequenced the mutant 
chromosome loci (for the primers used, see Appendix 1). Sequencing of Dhc64C902 
mutant identified a premature stop codon at Trp1173, causing a truncated product before 
DHC_N2 domain and deleting all 4 ATPase domains (Fig). Furthermore, no signaling 
could be detected using anti-Dhc64C (P1H4) antibody in immunofluorescent staining, 
suggesting this is a protein null allele (McGrail and Hays, 1997). There is also a 
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premature stop codon identified in Glued1L mutant (Gln412>> stop), which lies in the 





Fig. 3. 5 MT and p25 is required for the apical localization of the Crb complex.  
Rhodamine phalloidin in red. GFPnls in green. Crb (blue) localizes to the apical region of 
wt FCs (A), but is lost from the apical domain in colchicine-treated and p25RNAi FCs (B-
C). Arm (blue) localizes to the AJs in wt FCs (D), and this localization is largely normal 
in colchicine-treated and p25RNAi FCs (E-F). aPKC (blue) localizes to the apical region of 
wt FCs (G) and, aPKC localization is largely unaffected in colchicine-treated and p25RNAi 
FCs (H-I). Scrib (blue) localizes along the lateral domain of wt FCs (J), and is normal in 





Fig. 3. 6 902 is a mutation in the dynein heavy chain at 64C (Dhc64C).  
GFPnls in green, Crb in red, nucleus in blue. Crb localizes to the apical domain in wt FCs 
(A), but is lost from the apical domain in 902 mutant FCs (B). Introduction of a transgene 
carrying the genomic region of Dhc64C into 902 mutant can fully rescue its lethality and 





Fig. 3. 7 Schematic drawing of the Dhc and Glued structure and the molecular 
lesions in 902 and 1L mutants.   
The nucleotide mutations are underlined, and the corresponding amino acids are indicated 
below and the nature of the mutations also indicated. Both mutations result premature 
stop codons. 
 
Dynein and dynactin form a protein complex that mediates MT-based transport 
and both Dhc64C902 and Glued1L mutants showed identical polarity defects. For 
simplicity, I mainly show data for the Dhc64C902 mutant in the following text unless 
otherwise stated. 
The dynein complex transports cargo toward MT minus-ends. To examine the 
effects of disrupting the MT cytoskeleton, I used colchicine to depolymerize MTs. 
Similar polarity defects were observed in these FCs with specific loss of Crb from their 
apical domains without markedly affecting other cell polarity complexes (100%, n > 200 
for each marker; Fig 3.5). Furthermore, the MT cytoskeleton is largely unaffected in 
dynein mutant FCs (Fig 3.8), consistent with the notion that the polarity defects seen in 
dynein mutant and MT-depolymerized FCs are caused by defective dynein-mediated 
transport. 
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 Fig. 3. 8 The microtubule cytoskeleton is not affected in dynein mutants.  
GFPnls in green, nucleus in blue, α-tubulin in red.  There is no difference in gross MT 
cytoskeleton in wt (A, F) and dynein/dynactin mutants (B-E, G-H).  Two different 




3.2.2 Apical localization of crb transcripts requires dynein activity 
Cytoplasmic dynein is well documented for its activity in mediating the 
movement and localization of diverse cargos, including membranous vesicles and RNA-
containing RNPs. I next investigated how dynein mediates the apical localization of Crb. 
Restricted mRNA localization coupled with local translation is widely used to generate 
cellular asymmetry. Although this mechanism is well documented for cytosolic proteins, 
there are many transcripts encoding secreted proteins exhibit polarized distribution. 
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Additionally, it has been reported that crb transcripts are apically localized in embryonic 
epithelia (Tepass et al., 1990). This prompted me to investigate whether dynein might 
function via the localization of crb transcripts to localize Crb protein. I addressed two 
issues: 1) Are crb transcripts apically localized in FCs and 2) if so, how the dynein 
complex mediates this localization. 
Fluorescent RNA in-situ hybridization experiments were conducted to examine 
the subcellular localization of crb transcripts. In wt FCs, crb transcripts are enriched on 
the apical domain in addition to some perinuclear accumulation (Fig 3.9A-C,E). 
However, in dynein mutant FCs, crb transcripts are no longer apically enriched (100%, n 
= 241; Fig 3.9 F, G). Similar phenotypes were also observed in p25RANi mutants (Fig 
3.9H). Consistent with the notion that dynein-mediated transport requires an intact MT 
cytoskeleton, crb mRNA is mislocalized in colchicine-treated FCs (100%, n = 127; Fig 
3.9D). Together, these results suggest that crb transcripts are localized to the apical 
domain via dynein-mediated transport. 
Because of difficulties in studying how dynein transports crb mRNA in FCs in 
vivo, we examined crb mRNA localization in blastoderm embryos, as it has been found 
that dynein-mediated transport is conserved between embryogenesis and oogenesis 
(Bullock and Ish-Horowicz, 2001; Karlin-Mcginness et al., 1996). I took advantage of a 
fully functional crb minigene, crbintra-myc (this minigene contains the 3’untranslated region 
[UTR]) (Wodarz et al., 1995). Different transcripts used are listed in Fig 3.10. The 
capped, in-vitro fluorescently labeled crbintra-myc transcripts rapidly localize to the apical 
domain after injection into the basal cytoplasm of embryos (Fig 3.11A, n=13). However, 
pre-injection with anti-Dhc64C antibody P1H4 (n=12) or colchicine (n=9) completely 
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blocked apical localization of crbintra-myc transcripts (Fig 3.11B, C) (McGrail and Hays, 
1997) . In contrast, when a control antibody (anti-Myc) was used, transcripts localized 
normally to the apical domain (n=8, Fig 3.11D). These results demonstrate that dynein 





Fig. 3. 9 Dynein mediates the apical localization of crb transcripts in FCs.  
crb transcripts in green, Crb (red) localizes to the apical domain in wt, but not in mutants. 
in situ hybridization in various backgrounds was carried out. (A). Sense probe of crb was 
used as negative control. (B, C). crb transcripts predominantly localize to the apical 
domain in wt FCs. while this apical localization is no longer maintained when either 
dynein/dynactin or MT cytoskeleton is compromised (C-H). 
 
Next, I used this system to identify the region of the crb mRNA responsible for 
mediating its apical localization. The localization of many transcripts is mediated by their 
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3’UTRs. To test whether crb 3’UTR also mediates its apical localization, I injected 
crbintra-myc-wo, in which the crb 3’UTR was replaced by the 3’ UTR of the SV40 large T 
antigen, into the blastoderm embryos. I found that these transcripts could not localize 
apically, suggesting that the crb 3’UTR is required for its apical localization (n=9, Fig 
3.11E). To investigate whether its 3’UTR is sufficient to confer the ability to apically 
localize, I fused the crb 3’UTR with an exogenous ß-galactosidase gene (lacZ) and 
injected this chimeric transcript into the embryo. Whereas these (lacZ-crb3UTR) 
transcripts localized apically (n=10, Fig 3.11F), control ß-galactosidase transcripts (lacZ) 
did not localize (n=8, Fig3.11G). These results suggest that the crb 3’UTR is necessary 
and sufficient for its apical localization in embryos. 
I next investigated whether the 3’ UTR also mediates its apical localization in 
FCs. I again used the crb mini-genes with and without its 3’UTR and the subcellular 
localization of these minigene transcripts were determined by in-situ hybridization. 
Transgenic flies carrying crbintra-myc-wo were generated. When ectopically expressed in wt 
FCs, crbintra-myc transcripts were predominantly found on the apical domain, whereas 
crbintra-myc-wo transcripts were largely unlocalized (Fig 3.12). Taken together, these results 
suggest that the crb 3’UTR also mediates apical localization of crb transcripts in FCs. 
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 Fig. 3. 10 Schematic structure of the transcripts used in this study. 
 
 
Fig. 3. 11 Dynein transports crb transcripts to the apical domain in blastoderm 
embryos.  
Fluorescently labeled transcripts in red. When injected into wt blastderm embryos, crb 
mini-transcripts carrying its 3’UTR readily localize to the apical domain (A), but this 
apical localization is successfully blocked when either dynein or the MT cytoskeleton are 
compromised by injection of Dhc Ab or MT depolymerization drugs (B, C). Apical 
localization is not affected in the mock injections (D). crb mini-gene transcripts with 
SV40 3’UTR (G), can not localize to the apical domain after injection (E). Exogenous 
LacZ transcripts readily localizes to the apical domain when fused with crb 3’UTR (F).   
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 Fig. 3. 12 The crb 3’UTR is required for apical localization of crb transcripts in vivo. 
Fluorescent in situ hybridization carried out in different backgrounds show that crb 
transcripts localize to the apical domain in wt FCs (A), as do the crb mini-transcript 
carrying its 3’UTR (B). When crb 3’UTR is replaced by SV40 3’UTR, it no longer 




3.2.3 Apical transcript localization is required for effective Crb activity  
Next, I investigated whether apical localization of crb transcripts is a prerequisite 
for Crb protein localization. First, western blot was carried out to examine whether 
3’UTR affects protein expression level. Both transgenes are expressed at an equivalent 
level when driven by the same driver in both FCs and embryos, which suggests that the 
different 3’UTRs do not affect protein expression levels (Fig 3.13). In wt FCs expressing 
crbintra-myc, crbintra-myc transcripts were detected in the apical region, and Crbintra-myc protein 
also localize to the apical domain (100%, n > 200; Fig 3.14A). Interestingly, in the large 
majority (about 95%, n=73) of wt FCs expressing crbintra-myc-wo, crbintra-myc-wo transcripts 
did not apically localize (Fig 3.12C), yet Crbintra-myc-wo protein remain localized to the 
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apical domain in several independent transgenic lines (Fig 3.14B).  In about 5% (n=73) of 
the FCs examined, Crbintra-myc-wo protein show cytoplasmic localization (Fig 3.14C). 
These results suggest that apical localization of Crb protein may be independent of the 
apical localization of its transcript in FCs and that dynein also transports Crb protein to 
the apical domain. It was reported that endogenous oskar mRNA can direct the proper 
localization of exogenous transcripts derived from transgene bearing oskar 3’UTR during 
Drosophila oogenesis (Hachet and Ephrussi, 2004). Thus, it is possible that endogenous 
crb transcript, as wll as Crb protein may have an impact on the behavior of these 
transgene products. 
 
Fig. 3. 13 crb 3’ UTR does not affect the protein level.  
Upper panel: two different drivers mataGal4 and AyGal4 were used to drive the 
expression of transgenes of crb mini-genes with or without crb 3’ UTR in embryos and 
ovaries respectively. Protein level was estimated by antibodies to detect myc. Lower 
panel: antibody to detect α-tubulin used as internal control. 
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 Fig. 3. 14 Apical Crb protein localization is largely independent of crb 3’ UTR. 
Nucleus in blue, Crb protein in green. When driven by AyGal4 in wt FCs, Crbmyc-intra 
readily localize to the apical domain (A). When crbintra-myc-wo is ectopically expressed in 
FCs, 95% of flip-out FC clones show apical localization (B), only 5% clones show total 




Therefore I examined the behavior of the transgene products in a crb mutant 
background where endogenous Crb protein is absent. Interestingly, although Crbintra-myc 
efficiently localized to the apical region (100%, n = 66, Fig 3.15A), in 64.3% (n=45, Fig 
3.15B) of the crb mutant FCs, Crbintra-myc-wo showed largely cytoplasmic localization. 
Thus endogenous wt crb function is required, directly or indirectly, for the apical 
localization of exogenous Crbintra-myc-wo although the reasons for this remain unclear. 
These data suggest that, in crb mutant FCs, Crbintra-myc-wo protein, derived from transcripts 
that do not apically localize, is not effectively localized to the apical domain. 
I have shown that apical localization of crb mRNA contributes to the apical 
localization of Crb protein in FCs. Does this have any functional relevance? Consistent 
with previous reports that Crbintra-myc can rescue crb mutant defects in embryo, apically 
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localized Crbintra-myc can recruit Sdt to the apical region and fully rescue the polarity 
defects in crb mutant FCs (100%, n = 55; Fig 3.15C). However, in 60% (n= 20, Fig 
3.15D) of crb mutant FCs expressing crbintra-myc-wo, Sdt remains in the cytoplasm and 
polarity defects are not rescued, which is consistent with the Crbintra-myc-wo localization in 
crb mutant FCs. These data strongly indicate that apical localization of the crb transcripts 
is required for effective crb function in epithelial polarity. Furthermore, these results 
suggest that a localized translational machinery near the apical domain may be involved 








 Fig. 3. 15 Endogenous wt crb product is required for the apical localization and 
function of exogenous Crbintra-myc-wo.  
GFPnls in green, nucleus in blue, Crb mini-gene products (A, B) and Sdt (C, D) in red. 
Crbintra-myc localizes to the apical domain in crb mutant (A) and rescues the polarity defect 
of crb mutant, restoring the apical localization of Sdt (C). On the contrary, Crbintra-myc-wo 
remains cytoplasmic in crb mutant FCs (B), and also is not functional as the polarity 
defect in crb mutant can not be rescued, with the crb mutant FCs double-layered and Sdt 
remains in cytoplasm (D).  
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 Fig. 3. 16 Apical localization of Crb protein depends on dynein.   
GFPnls in green (except C: Crbintra-myc), nucleus in blue. Crb localizes to the apical 
domain in wt FCs (A), but is lost in dynein mutant FCs (B). When expressed in wt FCs, 
Crbintra-myc localizes to the apical domain (C), whilst this apical localization is lost in 
dynein mutant, with Crbintra-myc  (red) accumulating in the cytoplasm (D) and mutant FCs 
remaining multi-layered. Sdt (red) localizes to the apical domain in wt FCs (E), and 
becomes cytoplasmic in dynein mutant (F). When Crbintra-myc is ectopically expressed in 
dynein mutant FCs, it can not rescue the polarity defect of dynein mutant, and Sdt (red) 
accumulates in the cytoplasm (G).  
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3.2.4 Crb and Sdt form a complex on the apical cortex 
It has been found that, in embryonic epithelial cells, Crb and Sdt are mutually 
dependent for their localization and stability (Bachmann et al., 2001; Hong et al., 2001; 
Tepass and Knust, 1993). Crb protein levels are markedly reduced in sdt mutant and vice 
versa. I show that although Crb is undetectable by immunofluoresence in dynein mutant 
FCs, whereas Sdt and Dlt/dPatj become cytoplasmic (Fig. 3.17A-C). There are several 
possibilities for the lack of Crb in the dynein mutant. Firstly, the apical localization and 
stability of Crb requires dynein activity. In the absence of dynein function, unlocalized 
Crb is not stable and may be degraded. Secondly, the apical localization but not stability 
of Crb may require dynein activity. In the dynein mutant, Crb may be uniformly 
distributed in the cytoplasm and hence fall below the threshold of detection by 
immunofluoresence. To address these possibilities, we took advantage of MT-
depolymerized FCs that mimics the effects of dynein mutants (Fig. 3.5B). Interestingly, 
although no protein can be detected in these FCs by immunostaining, normal levels of 
Crb protein are detected by western blotting (Fig. 3.17L), consistent with the notion that 
apical localization but not stability of Crb requires dynein activity. Furthermore, in the 
crb mutant, Sdt also displays cytosolic localization (Fig. 3.17G-I), suggesting that apical 
localization but not stability of Sdt protein requires Crb activity. 
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 Fig. 3. 17 Crb and Sdt form a complex on the apical domain.  
GFPnls in green (A-I), nucleus in blue. Sdt (red) localizes to the apical domain in wt FCs 
(A), in newly induced dynein mutant clones, cytoplasmic localization of Sdt occurs (B), 
as the clone ages, more Sdt (red) delocalizes from the apical domain (C). Similar scenario 
is observed for dPatj (red) in dynein mutant. DPatj localizes to the apical domain in wt 
FCs (D), it becomes accumulate in the cytoplasm in newly induced dynein mutant clones 
(E), and more dPatj accumulates in the cytoplasm as the clone ages (F).  Sdt (red) 
becomes cytoplasmic in newly induced crb clones, and gradually delocalizes from the 
apical domain and accumulates in the cytoplasm as the crb clones age (H, I). Crbintra-myc 
(Struhl and Greenwald) colocalizes with Sdt (red) on the apical domain when expressed 
in wt FCs, but not colocalizes in the cytoplasm (J), they no longer colocalize when the 
FCs are treated with colchicine (K). Equal protein amounts of total lysates from wt (left 
lane) and colchicine-treated ovary (right lane) were loaded and detected by anti-Crb 
antibody (L); Anti-α-tubulin antibody was used to detect the tubulin loading as control 
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(L’). Crbintra-myc and Sdt only form a complex when both localize on the apical cortex 
(M). Western blot to detect Sdt. Lane 1: wt (crbintra-myc expressed in wt background) input 
(10%); lane 2: anti-Myc IP from wt sample; lane 3: anti-Flag IP (negative control) from 
wt sample, lane 4: anti-Myc IP from colchicine-treated sample, lane 5: anti-Flag IP 




 I then investigated the formation of this complex. When expressed in wt FCs, 
Crbintra-myc largely co-localizes with Sdt on the apical domain (Fig 3.17J). In addition, 
anti-Myc antibody can pull down Sdt in co-immunoprecipitation (Co-IP) experiments 
(Fig 3.17M). These results suggest that in wt FCs, Crbintra-myc forms a complex with Sdt. 
In crb mutant FCs, whenever Crbintra-myc-wo apically localized, it colocalized with Sdt. 
However, when Crbintra-myc-wo was found in the cytosol, it did not colocalize well with Sdt 
(not shown), suggesting that these two molecules might not form a complex when not 
localized apically. To test this possibility, I again used colchicine-treated FCs that mimics 
dynein mutant FCs (see above) to address whether these two molecules form a complex 
when in the cytosol. When ectopically expressed in colchicine-treated FCs, Crbintra-myc 
does not bind to Sdt in Co-IP experiments, suggesting that these proteins do not form a 
complex when both are cytoplasmic (Fig 3.17J, K, M). Similarly, an anti-Crb antibody 
could bring down Sdt in wt FCs but not p25RNAi FCs, confirming that colchicine-treated 
FCs actually reflect loss of dynein activity and not other MT-based activity (Fig 3.18). 
Collectively, these data suggest that Crb and Sdt normally form a complex on the apical 
cortex and this complex is stabilized, directly or indirectly, by dynein activity. 
To date, three Sdt isoforms have been identified including cMAGUK1/sdtA, sdtB 
and cGUK1. Only the cMAGUK1/SdtA isoform was reported to function during 
 91
embryogensis. The function of the other two isoforms has not been addressed. The major 
isoform expressed in FCs that associates with Crb corresponds to SdtB isoform (100kD) 
(Fig3.17L). Furthermore, in sdtEH mutant FCs that disrupts the cMAGUK/SdtA but not 
SdtB function, Crb remain localized on the apical domain and FC polarity remains intact 
(Fig 3.19). These data suggest that SdtB is the major functional isoform in FCs. I also 
noticed that during embryogenesis, cMAGUK/SdtA is highly expressed (not shown). 
Taken together, these data suggest that there is a developmental switch from SdtB to 
cMAGUK/SdtA isoform during early embryogenesis. 
 
 
Fig. 3. 18 Crb/Sdt complex formation depends on dynein function.  
Western blot is probed with Sdt. Lane 1: wt input (10%); lane 2: anti-Crb IP from wt 
sample; lane 3: anti-Flag IP (negative control) from wt sample, lane 4: anti-Crb IP from 






 Fig. 3. 19 SdtA is not required for epithelial polarity in FCs.  
GFP positive (Struhl and Greenwald) is sdtEH clone, nucleus in blue, Crb in red. Crb 
localizes to the apical domain in wt FCs (A), and this localization and protein level seems 
affected in sdtEH mutant FCs (B). 
 
 
3.3 Discussion  
I have shown that cytoplasmic dynein is required for FC epithelial polarity. Our 
data suggest that dynein transports crb transcripts to the apical domain where Crb protein 
interacts with Sdt to form an apical complex. The crb 3’UTR is necessary and sufficient 
for the apical localization of crb transcripts. The apical localization of crb transcripts 
appears to be crucial for crb function.  crbintra-myc, a functional minigene containing the 
3’UTR, produced transcripts and protein which apically localize and can fully rescue the 
polarity defects associated with crb mutant FCs. In contrast crbintra-myc-wo, derived from 
the same minigene but without the 3’UTR, produced transcripts and protein which do not 
fully localize apically and show reduced ability to rescue the polarity defects of crb 
mutant FCs. Based on these observations I propose that localized transcripts coupled with 
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a local translation mechanism contributes to the apical localization of Crb and its ability 
to mediate epithelial polarity. 
Asymmetric transcript localization is a conserved mechanism widely used to 
generate cellular asymmetries (Bashirullah et al., 1998). In the budding yeast S. 
cerevisiae, localization of ash1 mRNA to the budding tip of the future daughter cell is 
required for mating type switch (Long et al., 2001). During Drosophila oogenesis, 
posteriorly localized osk mRNA is required for the specification of the germline and the 
abdomen (Ephrussi et al., 1991; Kim-Ha et al., 1991). In Drosophila embryonic 
neuroblasts, prospero mRNA is basally localized and this localization contributes to 
neuroblast daughter-cell fate specification (Broadus et al., 1998; Li et al., 1997b). During 
Drosophila embryogenesis, apical localization of wg transcripts is required for effective 
Wg activity (Simmonds et al., 2001). It has been reported that transcripts of some polarity 
genes such as crb and baz are also apically localized in embryonic epithelia, however, the 
functional relevance of this localization is unknown (Kuchinke et al., 1998; Tepass and 
Knust, 1990). Our data show a direct link between the apical localization of crb 
transcripts and FC polarity and further suggest that mRNA localization maybe a general 
mechanism to spatially regulate gene activity in a variety of systems. 
Crb is an integral plasma membrane protein. In general,  transmembrane proteins 
like Crb are cotranslationally inserted into the ER and trafficked via the exocytic pathway 
to the plasma membrane. Since we propose that Crb protein is produced via localized 
translation of an apically localized transcript, how might the Crb protein be translated and 
inserted into the plasma membrane? One precedent comes from the study of the budding 
yeast membrane protein Ist2p (Jüschke et al., 2004). Ist2 mRNA is asymmetrically 
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localized to the cortex of daughter cells and localized transcripts are required for the 
accumulation of Ist2p at the plasma membrane of daughter cell, but not mother cell. This 
asymmetric delivery of Ist2p does not require the normal secretory pathway but rather 
suggests that localized Ist2 transcripts are translated by specialized subcortical domains 
of the ER (small daughter cells contain only cortical and not perinuclear ER) and 
trafficked via a novel pathway linking these specialized ER domains with the plasma 
membrane. In stage 9-10 Drosophila oocytes, specialized tER-Golgi units are evenly 
distributed in the cytoplasm and this property is proposed to be coupled with localized 
gurken mRNA to generate localized Gurken activity during oogenesis (Herpers and 
Rabouille, 2004). More generally, during vertebrate axon growth, transcripts encoding 
Eph2A receptor are locally translated and its protein product can be exported to the cell 
surface (Brittis et al., 2002). Our observations suggest that transcripts of the 
transmembrane protein Crb may be locally translated near the apical domain and this 
mechanism contributes to epithelial A/B polarity. Since the function of both Crb and 
microtubule based transport is conserved across species, we propose that this directional 
transport of mRNA plus local translation may be a widely used mechanism to generate 
epithelial polarity. 
 
3.4 Future direction 
It will be interesting to investigate how crb transcripts are transported to the 
apical domain and which factors might be involved in this process as well as how crb is 
locally translated near the apical domain and how the translated protein is inserted into 
the apical domain. Answers to these questions will shed light on how asymmetrically 
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localized transcripts are translated and how locally translated transmembrane proteins are 
inserted into the plasma membrane in general.  
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Chapter 4 Endocytic trafficking and activation of the Notch 
receptor 
4.1 Introduction 
Notch signaling is repeatedly utilized in various animal developmental processes 
(Artavanis-Tsakonas et al., 1999), such as stem cell niche establishment, stem cell 
maintenance, neuronal selection, and boundary definition (Bray, 2006). Its activation 
must be precisely controlled as mis-regulation of Notch signaling causes many human 
diseases, including cancers (Bolos et al., 2007). Although the Notch signaling pathway is 
involved in a variety of processes, the core components appear to be conserved. Notch 
receptors and their DSL ligands (Delta, Serrate, Lagged) are type I receptor with large 
extracellular domain containing EGF repeats (Artavanis-Tsakonas et al., 1999; Radtke 
and Raj, 2003; Schweisguth, 2004). Upon ligand binding, Notch receptor is processed by 
two consecutive proteolytic cleavages (S2 and S3). S2 cleavage performed by 
TACE/ADAM metalloprotease (Kuzbanian in fly) generates an intermediate product 
called NEXT (Notch extracellular truncation), which is further cleaved by the γ-secretase 
complex with the Presenilin protease at its core (S3 cleavage). S3 cleavage releases the 
NICD (Notch intracellular domain), which enters the nucleus and acts as a transcriptional 
activator, together with CSL (CBF1, Suppressor of Hairless [Su(H)], Lag1) transcription 
factor, to regulate the expression of target genes of the pathway. The number of the 
receptors and ligands varies in different organisms, with only two DSL ligands (Delta and 
Serrate), one Notch receptor, and one CSL factor [Su(H)] present in the Drosophila 
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genome, while four receptors (Notch1-4), three Delta-like (Dll) ligands (Dll1, 3,4) and 
two Serrate-like ligands (Jagged 1, 2) are found in the mammalian genome.  
Increasing evidence suggest that endocytosis plays an important role in the 
regulation of Notch signaling. In the signal-sending cell, ubiquitination of the DSL 
ligands by Neuralized (Neur) and Mind bomb (Mib) and subsequent endocytosis 
mediated by Liquid facets (Lqf, fly homolog of Epsin) are required for their activities 
(Lai et al., 2001; Pavlopoulos et al., 2001; Wang and Struhl, 2005). Why the DSL ligands 
need to be internalized for their activation remains unknown, although several models 
have been proposed (reviewed in (Chitnis, 2006)). In both mammalian culture cells and 
the fly, endocytosis of Notch receptor appears to precede S3 cleavage (Gupta-Rossi et al., 
2004; Vaccari et al., 2008). Moreover, the level of full-length Notch on the cell surface is 
constantly being regulated by endocytic sorting, which may serve as a control mechanism 
to determine whether the receptor is to be targeted to the lysosome for degradation or 
recycled back to the cell surface for activation. Several proteins are reported to be 
required for this process. The HECT domain E3 ubiquitin ligases DNedd4 and Su(dx), 
prevent the activation of Notch signaling in the absence of ligands (Sakata et al., 2004; 
Wilkin et al., 2004). Tumor suppressors Ept (Erupted/Tsg101) and Vps25, components of 
the ESCRT (endosomal sorting complex required for transport), also prevent the ligand-
independent activation of Notch signaling (Moberg et al., 2005; Thompson et al., 2005; 
Vaccari and Bilder, 2005). Recently, tumor suppressor Lethal giant discs (Lgd) is also 
reported to quench inappropriate Notch activation in the absence of ligand binding 
(Childress et al., 2006; Gallagher and Knoblich, 2006; Jaekel and Klein, 2006). In the 
absence of these proteins, the Notch receptor, accumulated in uncharacterized endosomal 
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compartments, is capable of being activated and resulting ectopic Notch signaling. It 
remains unclear how Notch is activated inside the endosomal compartments, and where is 
the precise location of Notch activation. Another E3 ligase Deltex that promotes the 
internalization of Notch receptor plays a positive role in Notch signaling (Diederich et al., 
1994; Matsuno et al., 1995). These data suggest that endocytic sorting plays both 
negative and positive roles in Notch signaling. Although there is increasing evidence 
showing that endocytic trafficking plays important roles in Notch signaling, how the 
Notch receptor travels between these endosomal compartments after internalization still 
remains largely unknown. 
Cytoplasmic dynein transports various cargos, including intracellular vesicles, 
towards the minus ends of MTs. It has been shown that in mammalian cells, dynein 
powers the movement of internalized viruses and/or transmembrane receptors from the 
early endosomes to the late endosomes that localize at the centre of the cells (Aniento et 
al., 1993; Bananis et al., 2000; Suikkanen et al., 2003). The small GTPase Rab7, which 
controls late endosome trafficking in mammalian cells, forms a complex with RILP 
(Rab7-interacting lysosomal protein) and ORP1L (oxysterol-binding protein-related 
protein 1L), which in turn recruits the dynein complex to the late endosome by direct 
interaction with p150/Glued to transport late endosome along the MTs (Johansson et al., 
2007; Progida et al., 2007). However, how dynein functions in early endocytic trafficking 
and the signaling pathway(s) it regulates remain largely unknown. 
Here I show that cytoplasmic dynein is a novel regulator of Notch signaling. 
Dynein functions in the signal-receiving cells and upstream of S3 cleavage. Closer 
examination revealed that dynein mainly regulates the endocytic trafficking of the Notch 
 99
receptor but not the initial presentation of the Notch receptor on the cell surface, i.e. the 
exocytosis of the Notch receptor. The Notch receptor accumulates in the sorting 
endosomes in dynein mutants. Genetic and biochemical results show that the S2 product 
of Notch receptor is trapped in the early (sorting) endosomes in dynein mutants, 
suggesting that endocytosis and endosomal sorting is required for the S3 cleavage of 
Notch receptor. Biochemical studies show that dynein is recruited to the sorting 
endosome via Rab11 to facilitate the recycling of Notch receptor. These data suggest that 
dynein powers the endocytic trafficking of Notch receptor from the early (sorting) 
endosomes to the recycling endosomes, which precedes the S3 cleavage of Notch 
receptor and subsequent signaling activity. 
4.2 Results  
4.2.1 Cytoplasmic dynein positively regulates Notch signaling  
During my study of the functions of cytoplasmic dynein in epithelial polarity in 
Drosophila FCs (Li et al., 2008), I found that in addition to polarity defects, dynein 
mutants also showed other phenotypes which are independent of polarity defects. For 
example, dynein mutant follicle stem cells (FSCs) often resulted in encapsulation defects. 
In wt ovary, the FCs recognize and envelope one developing cyst, resulting in a single 
follicle which contains 15 nurse cells and 1 oocyte (Fig 4.1A, C). However when the 
FSCs are mutant for dynein, or when large dynein mutant FC clones spanning more than 
2 consecutive follicles are generated, most of the cysts (74%, n=168) are not correctly 
packed, resulting in compound follicles which contain more than one cyst (Fig 4.1B, D, 
E). 
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In addition, dynein mutant FCs were arrested in a premature stage and 
endoreplication transition was blocked. The FCs continue to undergo mitosis to increase 
the cell number to accommodate the increasing size of the germ cells, and many genes 
are highly expressed during this stage, such as Fasciclin III (FasIII) and the transcription 
factor, Cut (Fig 4.2.A, D) from stage1-6, From stage 7-9, the FCs exit the mitotic cell 
cycle and enter a cell cycle without metaphase to replicate their genome without cell 
division, a process known as endoreplication or endocycle. During endoreplication 
transition, the expression of Fas III and Cut are dramatically reduced in the main body 
FCs (Fig 4.2.B, E). In stage 7-9 dynein mutant FCs, the expression of FasIII remains 
upregulated (Fig 4.2.C). Cut expression is also upregulated in dynein mutant FCs, 
although not in all mutant cells (Fig 4.2.F). These phenotypes are similar to those 
observed in Notch loss of function FCs. 
Several signaling pathways are involved in the encapsulation of the cyst, like 
Notch signaling and JAK/STAT signaling. Perturbation of any of these signaling 
pathways could potentially result in defective encapsulation of the cyst. However, 
reduction of the dosage of Notch receptor dramatically increases the severity of the 
encapsulation defect observed in dynein mutants from about 74% to near 100% (n=85), 
indicating that the phenotype is sensitive to Notch dosage (Fig 4.3). Similar enhancement 
was observed by reducing the dosage of its ligand Delta (from about 74% to 95%, n=63). 
These data suggest that dynein genetically interacts with the Notch pathway (Fig 4.3), 
although my data can not exclude the possibility that disruption of other signalings 
required for encapsulation in dynein mutant also contribute to encapsulation defects. 
Furthermore, it has been shown that Notch signaling is involved in the endoreplication 
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transition to suppress the expression of Cut (Deng et al., 2001; Schaeffer et al., 2004; 
Shcherbata et al., 2004). When Notch signaling is blocked, the FCs show persistent 
expression of FasIII and Cut, a phenotype very similar to what I have observed in dynein 
mutant FCs. These data together prompted me to examine Notch signaling in dynein 
mutant FCs.  
To further understand whether Notch signaling is perturbed in dynein mutants, I 
examined Notch receptor localization in wt and dynein mutant FCs because FCs are the 
signal receiving cells. I chose three developmental stages of the FCs: the early stage 
(encapsulation, stg1), middle stage (stg3-6) and late stage (stg7-9). In wt budding stage, 
Notch receptor accumulates at the apical domain of the FCs, including FCs surrounding 
germline cyst and interfollicular FCs. In addition, Notch is seen as intracellular puncta 
(Fig 4.4 left upper panel), suggesting that Notch receptor resides with either exocytic or 
endocytic trafficking pathways. In contrast, Notch receptor is seen in large irregular 
intracellular puncta in dynein mutant, suggesting the trafficking of Notch receptor is 
affected, either in the exocytic or endocytic pathway or both (Fig 4.4 left lower panel). In 
the middle stage FCs, Notch receptor mainly localizes apically with some intracellular 
puncta (Fig 4.4 middle upper panel). However in dynein mutant FCs, Notch receptor is 
dramatically reduced from the apical domain but instead appear enriched in large 
irregular vesicles (Fig 4.4 middle lower panel). In wt FCs at later stages, the amount of 
Notch receptor is dramatically reduced from the apical domain due to signal activation by 
germline expressed Delta. Nevertheless, the localization of Notch receptor is similar to 
the FCs at earlier stages (Fig 4.4 right upper panel). However in dynein mutant FCs, 
Notch receptor remains trapped in large intracellular vesicles at the lateral or base of the 
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FCs (Fig 4.4 right lower panel). These data suggest that dynein regulates Notch receptor 
localization in FCs in all of the developmental stages.  
What’s more, the expression of Cut in dynein mutant FCs could be suppressed by 
ectopic expression of a constitutively active form of Notch (NICD) (Fig 4.5). 
Collectively, these data indicate that dynein positively functions in the Notch pathway 
during Drosophila oogenesis. 
 
Fig. 4. 1 Encapsulation defects in cytoplasmic dynein mutants.  
GFPnls in green, Orb in red, nucleus in blue, the mutant FCs are marked by loss of GFP 
signal. In wt FSCs clone, the encapsulation is normal, with one cyst in each follicle (A). 
However, when dynein function is removed from FSCs, more than one cyst is packed 
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into one follicle (B). Single wt follicle with one cyst (C). Two confocal sections of a 




Fig. 4. 2 Dynein mutant FCs arrest at premature stage.  
GFPnls in green. FasIII and Cut in red. DNA in blue. Mutant cells are marked by loss of 
GFP signal. FasIII highly expresses in early wt FCs (A), but this expression is 
dramatically reduced in later FCs (A, B). Whilst FasIII remains highly expressed in 
dynein mutant FCs at late stages (C). Cut is also highly expressed in the nuclei of early 
FCs in wt (D), but this expression is lost at later stage (D, E). Cut expression persists in 
dynein mutant FCs at late stages, although not in all the mutant nuclei (F). 
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Fig. 4. 3 Dynein genetically interacts with the Notch pathway in encapsulation.  
Removal of one copy of either Notch or Delta in dynein mutant enhances the mispa 





Fig. 4. 4 Notch receptor is mis-localized in dynein mutant FCs.  
GFPnls in green, Notch in red, nucleus in blue, the mutant FCs are marked by loss of 
GFP signal. A schematic drawing of oogenesis is shown above. FCs in three 
developmental stages of oogenesis are selected: FCs in the germarium where 
encapsulation occurs; FCs in middle oogenesis where Notch expression is highest; and 
FCs after endoreplication transition (after stage 6). Notch localizes to the apical domain 
as well as some intracellular puncta in all wt FCs. However, Notch accumulates in 




 Fig. 4. 5 Dynein is required for endoreplication transition mediated by the Notch 
signaling pathway. 
GFPnls in green, Cut in red, nucleus in blue, the mutant FCs are marked by loss of GFP 
signal. Transcription factor Cut expresses in FCs before stage 6 where Notch signaling is 
inactive, from stage 7, germline expressed Delta induces Notch signaling to induce 
endoreplication transition and suppress Cut expression (A, B). Cut expression is 
persistent in late stage dynein mutant FCs (C). The expression of Cut in dynein mutant 




To investigate whether dynein functions specifically in FCs in Notch signaling or 
in a more general developmental context, I examined dynein function in Notch signaling 
in Drosophila wing imaginal disc. In a wt disc, high level of Notch signaling along the 
dorsal/ventral boundary of the wing pouch induces Cut expression (Fig 4.6.A). However, 
Cut expression is dramatically reduced in dynein mutant clones (Fig 4.6.B), suggesting 
that dynein may also function in Notch signaling during wing development. Both Notch 
and Delta are haplo-insufficient mutants. Reducing the dosage of dynein in both N and Dl 
mutants (N+/-;dynein+/-) (Dl+/-;dynein+/-) can enhance their wing defect (data not shown), 
supporting the idea that dynein functions in the Notch pathway during wing development. 
Consistent with this, when dynein function was knocked down by dsRNA driven by Ptc-
 107
Gal4, a driver that expresses along the anterior-posterior boundary of the wing pouch (Fig 
4.6.C), Cut expression was also dramatically reduced (Fig 4.6.D). If the progeny were 
shifted to the restrictive temperature before first instar larvae, the animals died at the 
pupal stage, whereas if they were shifted to the restrictive temperature after second instar 
larvae, there were some escapers with defective wings (data not shown). However, the 
defects varied in different individuals, likely reflecting the different developmental stages 
when shifted. Among these defects, the most prominent was the dent (notch) of the wing 
between L3 and L4 veins, the expression domain of Ptc-Gal4, which is reminiscent of 
Notch loss of function (Fig 4.6.E-F). These animals also lost 1-4 of their scutellar bristles 
(SC), similar to that observed in Kuz mutant (Fig 4.6.G-I), suggesting that dynein indeed 
functions in the Notch pathway during wing development. Flies that are 
transheterozygous for dynein alleles (Dhc4-19/Dhc8-1) are viable and fertile, but synthetic 
lethality is observed when the dosage of either Notch or Dl is reduced in the combination 
(N55e11/+; Dhc4-19/Dhc8-1 or Dhc4-19/Dhc8-1, Dl9p/+)(data not shown), consistent with a role 
for dynein in the Notch pathway. Taken together, these data indicate that dynein 













Fig. 4. 6 Dynein functions in the Notch pathway during wing and bristle 
development. 
DNA in blue, GFP in green, Cut in red. Cut is induced by high level of Notch activity at 
the anterior-posterior boundary of the wing imaginal disc in wt (A), but is reduced in 
dynein mutant (arrow) (B). Ptc drives protein expression at the dorsal-ventral boundary 
of the wing disc in wt (C), when dynein dsRNA is driven by Ptc-Gal4, Cut expression is 
also greatly suppressed (arrow) (D). Adult wing of Ptc-Gal4 shows uniform wing margin 
(E), enlarged region of wing margin between vein L3 and L4 are shown in E’ (arrow). 
For the wing of Ptc>dyneinRNAi escaper flies, there is a notch dent at the wing margin 
between vein L3 and L4 (F), and this region is shown in enlarged form in F’ (arrow). 
Also notice that the L3 vein is broken in this wing. There are 4 scutellar bristles at the 
thorax of wt adult fly, 2 aSCs and 2 pSCs (G). These bristles are lost in Kuz mutant (H).  






4.2.2 Dynein functions in endocytosis of the Notch receptor 
As shown above, Notch receptor accumulates in large irregular intracellular 
vesicles in dynein mutant FCs, which may be arrested in the exocytic or endocytic 
pathway. So the next question is whether these vesicles where Notch receptor is enriched 
reflect the exocytic pathway or endocytic pathway. It is known that the MT cytoskeleton 
in FCs is arranged such that the minus ends are enriched at the apical domain while the 
plus ends face the basal domain of the FCs. Dynein is a MT minus end-directed motor 
(Clark et al., 1997). While it seems plausible that dynein affects the secretion of the 
Notch receptor in FCs, several lines of evidence are contrary to this view: 
Firstly, mis-localized Notch receptors in dynein mutant clones rarely co-localize 
with markers of the secretary pathway, like the Golgi maker Larva lamp  (48/265) (Fig 
4.7.A), and the exocyst component Sec5 (76/380) (Fig 4.7.B).  
Secondly, mono-ubiquitination is barely detectable in wt FCs (Fig 4.7.C), but is 
significantly increased in dynein mutant FCs in the form of irregular structures (Fig 
4.7.D).  As mono-ubiquitination has been used as an indicator for endocytosis of many 
transmembrane proteins, this suggests that membrane proteins, including Notch receptor, 
are internalized from the plasma membrane and accumulate in the cytosol in dynein 
mutant cells. 
Thirdly, endocytosis assays were carried out in the wing imaginal discs. Many 
internalized NECD puncta co-localize with dynein, suggesting that dynein may function 
in the endocytosis of these internalized Notch receptors (Fig 4.7.E).  
Fourth, it has been shown that the small GTPase Rab5 functions in the very early 
steps of endocytosis; endocytosis is blocked in the absence of Rab5 function. Notch 
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receptor is accumulated at the apical and basal domains of the FCs in Rab5 mutant, 
suggesting blockage of protein internalization (Fig 4.7.G). So I examined Notch receptor 
localization in Rab5 and dynein double mutant, reasoning that, if dynein functions in the 
secretory pathway, it should function upstream of endocytosis (Rab5 function) and Notch 
receptor will accumulate in the secretory compartments as in dynein mutants. On the 
other hand, if dynein functions during and/or after protein internalization, where it 
probably functions downstream of Rab5 function, the Notch receptor should accumulate 
at the apical domain as in the Rab5 mutant. In double mutant FCs, Notch receptor is 
highly enriched at the apical and basal membrane of FCs, similar to those seen in Rab5 
single mutant FCs (Fig 4.7.G-I), suggesting that dynein functions downstream of 
endocytosis, rather than in the secretory pathway. Collectively, these data suggest that 
dynein mainly functions after the endocytosis of Notch receptor.  
Moreover, dynein’s function in the Notch pathway is also MT-dependent, as 
depolymerization of the MT cytoskeleton showed similar Notch localization phenotype 
as that of the dynein mutant (data not shown). 
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Fig. 4. 7 Dynein functions in the endocytosis of Notch receptor.  
GFPnls (green) is lost in the mutant FCs, nuclei are shown in blue (C-F). Mis-localized 
Notch receptor (red) in dynein mutant FCs does not co-localize with the Golgi (blue) (A). 
Also mis-localized Notch receptor (red) in dynein mutant doe snot co-localize with the 
Exocyst (blue) (B). The mono-ubiquitin signal is almost undectable in wt FCs (C), but is 
highly enriched in forms of subcellular puncta in dynein mutant FCs (D). Notch receptor 
(in red C-F) mainly localizes at the apical domain in wt FCs (C), but is mis-localized to 
intracellular vesicles in dynein mutant (D). When endocytic up-take was analyzed in wt 
imaginal discs, internalized Notch receptor (red) partially co-localizes with dynein  (E). 
Notch receptor mainly localizes to the apical domain of the FCs, with some cytoplasmic 
puncta in wt FCs (F), but it accumulates at the apical and basal domains in Rab5 mutant 
(G), and localizes to cytoplasmic puncta in dynein mutant FCs (H), its localization in 






4.2.3 Dynein functions between the early (sorting) and the recycling endosomes  
As the above data support the idea that dynein functions in the endocytic 
trafficking of Notch receptor, I first investigated the nature of the vesicles in which the 
Notch receptor accumulates.  I examined the localization of the Notch receptor with 
various endocytic markers. In clathrin-mediated endocytosis (Mellman, 1996), after the 
vesicles are pinched off and severed from the plasma membrane, the clathrin triskelia 
dissociates from the vesicles. These vesicles are small in size and diameter (<60nm).  
With the help of Rab5, these vesicles fuse with each other to form early endosomes and 
the later fuses with the sorting endosome. So Rab5 localizes to both early endosomes and 
sorting endosomes. The sorting endosome is larger than the early endosome and is 
subdivided into several domains thus causing irregularity in shape. Hrs (hepatocyte 
growth factor receptor tyrosine kinase substrate) localizes at the domain to form the 
future late endosomes and targets proteins undergoing degradation to the late endosome 
by recruiting the ESCRT I complex. Rab11 localizes to the sorting endosome at the 
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domain that will form the future recycling endosomes and regulates the fusion of the 
recycling endosomes with the plasma membrane. In dynein mutant FCs, about 85% of 
the mis-localized Notch (n=389) co-localizes with Rab5 in the cytoplasm (n=457) (Fig 
4.8). Furthermore, about 83% of the cytoplasmically accumulated Notch receptor 
(n=303) also co-localizes with another early endosomal marker Hrs (n=383)(Fig 4.8), 
suggesting that Notch receptor is accumulated in the early endosomes. Interestingly, 
about 85% of the mis-localized Notch receptor (n=345) co-localizes with the recycling 
endosome marker Rab11 (n=406) and about 84% of these Notch puncta (n=260) are co-
labelled with the partner of Rab11, Nuf (nuclear fallout) (n=310)(Fig 4.8). The high 
degree of co-localization between Notch receptor and these endosomal markers as well as 
the irregular morphology of these Notch enriched puncta strongly indicate that Notch is 
arrested in the early (sorting) endosomes in dynein mutant FCs. This is further supported 
by the observation that only about 40% of the mis-localized Notch receptor (n=154) co-
localizes with the late endosome marker Rab7 (n=385), which is significantly lower than 
those of early (sorting) endosomal markers (Fig 4.8.) Together, these data indicate that 








 Fig. 4. 8 Notch receptor localizes to the early/sorting endosomes in dynein mutant.  
The dynein mutant FCs are marked by loss of GFP signal. Notch receptor (in blue or red 
in the lower panel) highly co-localizes with early endosomal markers Rab5, Hrs, Rab11 
and its partner Nuf (in red), but less with late endosomal marker Rab7-GFP (in green). 





4.2.4 Dynein function is required between the S2 and S3 cleavage steps 
Having shown that dynein functions in the endocytic pathway to regulate Notch 
receptor trafficking and activation, the exact step of Notch activation that is regulated by 
dynein in the endocytic trafficking pathway was examined. When antibodies against the 
intracellular domain of Notch (NICD) were used, large irregular intracellular vesicles 
were seen in dynein mutant FCs. Conversely when antibodies against the NECD were 
used, these irregular vesicles were observed at a much lower frequency. Instead, the anti-
NECD antibody detected some smaller puncta (Fig 4.9). Control experiments showed 
that both antibodies detect Notch receptor accumulation in Rab5 mutant FCs (Fig 4.15). 
These data suggest that some of the Notch receptors arrested in dynein mutant FCs lack 
ECD, indicating that they may be cleavage intermediates.   
Next, genetic analyses were carried out to test this. I first examined whether 
dynein is required for the S3 cleavage of Notch receptor as the introduction of a 
constitutively active form of Notch (NICD) can suppress dynein defects (Fig 4.5C). The 
S3 cleavage of Notch receptor is performed by the membrane-embedded protein complex 
γ-secretase, which consists of Psn (Presenilin), Nct (Nicastrin), Aph1 and Pen. In Psn 
mutant FCs, the S3 cleavage of Notch receptor is defective, however the localization of 
the Notch receptor is very similar to those observed in wt FCs (i.e., the Notch receptor is 
mainly enriched at the apical domain) (Fig 4.9). Interestingly, in Psn and dynein double 
mutant FCs, Notch receptor accumulates in large irregular intracellular vesicles, 
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reminiscent of those observed in dynein single mutant FCs, indicating that dynein 
functions upstream of S3 cleavage (Fig 4.9).  
Then I investigated the relationship between S2 cleavage and dynein function. In 
Drosophila, the S2 cleavage is executed by the ADAM10 metalloprotease, Kuzbanian 
(Kuz). Notch receptor is enriched at the apical domain in Kuz mutant FCs, similar to that 
of wt (Fig 4.9). In the Kuz and dynein double mutant FCs, Notch receptor was seen in 
small vesicles in contrast to the large irregular accumulation of Notch receptors observed 
in dynein single mutant FCs (Fig4.9), suggesting that dynein functions downstream of 
Kuz activity. Together, these data suggest that dynein functions between the S2 and S3 
cleavage steps of the Notch receptor, suggesting that endocytic trafficking is required for 
the activation of Notch receptor. 
Our biochemical data also support this notion. When Notch protein from wt 
extract is analyzed by western blot (WB), four cleavage products can be observed at 
around 120KDa, with the second largest band, representing the S3 cleavage product, 
accounting for the majority. In Psn mutants, the largest 120KDa band predominates and 
the second band representing the S3 cleavage product disappears. When Notch protein 
from dynein mutant FCs is analyzed, the largest 120KDa band increased dramatically, 
while band representing the S3 cleavage product decreased dramatically, suggesting 






 Fig. 4. 9 Dynein functions between S2 and S3 cleavage of Notch (1).  
GFPnls in green, NICD and NECD in left and right panels in red, DNA in blue, the 
mutant FCs are marked by loss of nlsGFP. Notch receptor enriches at the apical domain 
of wt FCs as well as in Psn mutant FCs. But Notch is arrested in large intracellular 
vesicles in dynein mutant FCs. In Psn dynein double mutant FCs, these large puncta still 
be seen. Notch receptor enriches at the apical domain of wt FCs as well as in Kuz mutant 
FCs. But Notch arrested in large intracellular vesicles in dynein mutant FCs. In 
Kuz;dynein double mutant FCs, these large puncta were lost, with some small puncta 





Fig. 4. 10 Dynein functions between S2 and S3 cleavage of Notch (2).  
When analyzed by WB, in wt, several protein products at 120KDa can be detected, with a 
second lower band dominates. In Psn mutant, the lower bands dramatically decrease and 
the upper most band predominates. In dynein mutant, this upper band also dramatically 









4.2.5 Dynein may be recruited to the early (sorting) endosomes by Rab11 
Since dynein controls endocytic trafficking and activation of Notch receptor 
between S2 and S3 cleavage in the early (sorting) endosome, I set out to ask how dynein 
functions in these processes. First I examined whether dynein associates with the Notch 
receptor. Co-immunoprecipitation (Co-IP) experiments were carried out in S2 cells 
transfected with the Notch receptor. The antibody against the tagged-Notch receptor 
could bind dynein (Fig 4.11A). to determine whether Rab11 associates with the Notch 
receptor, co-IP experiments were carried out in S2 cells co-transfected with FLAG-
tagged Rab11 and Notch. The results showed that anti-Flag antibody could pull-down the 
Notch receptor, indicating that Rab11 and Notch also form a complex in vivo (Fig 
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4.11B).  Then I examined the relationship among dynein, the Notch receptor and Rab11. 
It has been shown that Rab7 can recruit the dynein complex to the late endosome in 
mammalian cells via direct binding to dynein complex (Johansson et al., 2007). This 
prompted me to test whether Rab11 functions as a bridge between dynein and Notch 
receptor. Co-IP experiments were carried out again in S2 cells co-transfected with Notch 
and FLAG-tagged Rab11 and at the same time being treated with dsRNA against 
Dhc64C to knockdown dynein function. Rab11 still associates with Notch when dynein 
activity is being knocked down, suggesting that dynein is not required for the association 
between Rab11 and Notch receptor. In contrast, in S2 cells that were transfected with 
Notch receptor and dsRNA against Rab11, antibody against Notch receptor could not 
pull-down dynein (Fig 4.11D), suggesting that Rab11 is essential for the association of 
the N/ Rab11/Dynein complex, and indicating that dynein maybe recruited to the early 





 Fig. 4. 11 Dynein is recruited to the early (sorting) endosome by Rab11.  
A. Protein extracts from S2 cells transfected with Notch receptor were co-IPed with 
Notch and probed with anti-DHC64C antibodies. 1st lane: total lysate. 2nd lane: IP, 3rd 
lane: FLAG beads IP used as negative control. B. S2 cells were co-transfected with Notch 
and Rab11-FLAG, co-IPed with FLAG and detected with Abs to detect NICD. 1st lane: 
total lysate, 2nd lane: IP, 3rd lane: myc beads IP used as negative control. C. S2 cells were 
co-transfected with Notch and Rab11-FLAG, treated with dsRNA against Dhc64C, co-
IPed with FLAG beads. 1st lane: total lysate, 2nd lane: IP, 3rd lane: myc beads IP used as 
negative control. D. S2 cells were transfected with Notch and also treated with dsRNA 
against Rab11, co-IP with NICD. 1st lane: total lysate, 2nd lane: IP, 3rd lane: FLAG beads 
as negative control. 
 
 
4.2.6 Rab11 positively regulates Notch signaling 
As the data indicate that dynein is likely to be recruited to the early (sorting) 
endosome by Rab11 to regulate Notch activation, it is interesting to ascertain the role of 
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Rab11 in terms of Notch receptor activation.  FasIII and Cut are highly expressed in early 
premature FCs, and their expression is reduced or lost after stage 6 in wt FCs (Fig 4.12 A, 
B, D, E). However in Rab11 mutant FCs, expression of both FasIII and Cut persists at 
late stages (Fig 4.12 C, F), consistent with the notion that Notch function is 
compromised. These results are consistent with the fact that Rab11 associates with 
dynein. 
To investigate whether Rab11 plays a general role in Notch signaling, a dominant 
negative form of Rab11 (Rab11DN) was expressed in the wing imaginal discs using the 
Ptc-Gal4 driver (Fig4.13A). In the discs expressing ectopic Rab11DN, Cut expression at 
the D/V boundary was strongly suppressed or eliminated (Fig 4.13C), similar to that of 
dynein knockdown (Fig 4.13B), indicating that Rab11 also plays a role in Notch 
signaling during imaginal wing development. When shifted to the restrictive temperature 
before second instar larvae, the animals died at the pupal stage (data not shown). 
However if they were shifted to the restrictive temperature after second instar larvae, rare 
escaper animals could be obtained. These rare escapers had multiple defects, including a 
crumpled wing and notch wing phenotype, which is very similar to that of dynein 
knockdown (Fig 4.13D-F). And these animals also lost 1-4 of their SCs, which is very 
similar to what was observed in the Kuz mutant and dynein mutants (Fig 4.14 G-J). 




 Fig. 4. 12 Rab11 mutant FCs show persistent Cut and FasIII expression. 
GFPnls in green. FasIII (A-C), and Cut (D-F) in red. DNA in blue, the Rab11 mutant FCs 
are marked by loss of GFP signal. FasIII highly expresses in early wt FCs (A), but this 
expression is dramatically reduced in later FCs (A, B), and is highly expressed only in the 
polar cells. In contrary, FasIII is highly expressed in Rab11 mutant FCs at late stages (C). 
Cut is also highly expressed in the nuclei of early FCs in wt (D), but this expression is 
lost in later stage FCs (D, E). Cut expression persists in Rab11 mutant FCs at late stages, 
although not in all the mutant nuclei (F).  
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 Fig. 4. 13 Rab11 functions in Notch pathway during wing and bristle development. 
DNA in blue, GFP in green, Cut in red. Cut is induced by high level of Notch activity at 
the anterior-posterior boundary of the wing imaginal disc and Ptc drives protein 
expression at the dorsal-ventral boundary of the wing disc in wt (A), when dynein 
dsRNA is driven by Ptc-Gal4, Cut expression is also greatly reduced at the boundary 
intersection (B). Cut expression is lost when Rab11DN was driven by Ptc-Gal4 (C). 
Adult wing of Ptc-Gal4 shows uniform wing margin, notice the region of wing margin 
between vein L3 and L4 is smooth (D). For the wing of escaper flies expressing 
Ptc>dyneinRNAi, there is a notch dent at the wing margin between vein L3 and L4 (E). A 
similar notch dent can also be observed in the very rare escapers of Ptc>Rab11DN with 
wings expanded (most of the wings of the escapers clustered together) (F). There are 4 
scuttle bristles at the thorax of wt adult fly, 2 aSCs and 2 pSCs (G). These bristles are lost 
in Kuz mutant (H) and Ptc>dyneinRNAi escapers (I).  Bristles are also lost in escapers flies 






4.2.7 Rab11 functions in the recycling pathway 
Next, I investigated how Rab11 might function in the Notch signaling pathway by 
examining the localization of Notch receptor in Rab11 mutant FCs. In wt FCs, both the 
NECD and NICD of the Notch receptor localize mainly to the apical domain of the FCs, 
with some intracellular puncta, representing Notch receptor in either the exocytic or 
endocytic pathway (Figs 4.4, 4.14). In Rab11 mutant FCs, the apical localization of 
NICD is dramatically reduced, but accumulation in large ovule vesicles is seen (Fig 
4.14), which are likely to be the recycling endosomes according to the morphology of the 
vesicles. The NECD is less severely affected in Rab11 mutant FCs, with only a slight 
increase in accumulation in ovule vesicles than that observed in wt (Fig 4.14).  
Rab11 controls the trafficking and fusion of the recycling endosome with the 
plasma membrane. However, it has been shown that during eye development in 
Drosophila, Rab11 could function in the exocytic pathway to transport newly synthesized 
rhodopsin from the trans-Golgi network (TGN) to the photosensitive apical membrane of 
the photoreceptors (Satoh et al., 2005). So it is necessary to clarify which pathway Rab11 
functions in Notch signaling. Rab5 functions early in the endocytic pathway by 
controlling the fusion and trafficking of the early endosomes. Blocking the endocytic 
pathway at the Rab5 step thus can block recycling. In Rab5 mutant FCs, both NECD and 
NICD of Notch receptor accumulate at the apical domain of the FCs (Fig 4.15 left panel), 
indicating blockage of endocytosis. I proceeded to examine the double mutant of Rab5 
and Rab11. The rationale is that if Rab11 functions in the exocytic pathway, then it 
should act upstream of endocytosis. So the double mutant of Rab5 and Rab11 should 
behave like the Rab11 single mutant. On the other hand, if Rab11 functions in the 
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recycling endosome, then the Rab5 and Rab11 double mutant should behave like the 
Rab5 single mutant. The localization of Notch receptor in the Rab5 and Rab11 double 
mutant FCs supports the idea that Rab11 functions in the recycling endosomes. The 
NECD and NICD of the Notch receptor accumulate at the apical domain of the FCs in the 
double mutant (Fig 4.15 right panel), similar to those in the Rab5 single mutant FCs. 




Fig. 4. 14 Notch receptor localization in Rab11 mutant FCs.  
GFPnls in green, NECD and NICD in red, DNA in blue. The Rab11 mutant clones are 
marked by loss of GFP signal. NECD localization in Rab11 mutant is similar as that of 






Fig. 4. 15 Rab11 functions in recycling pathway in FCs.  
GFPnls in green. The clones of mutants are marked by loss of GFP signal. Both NECD 
(blue) and NICD (red) accumulate at the apical and basal regions of the FCs in Rab5 
mutant (left panel), NICD while not NECD arrested in large ovular vesicles in Rab11 
mutant (middle panel). Both NECD and NICD enriched at the apical and basal regions of 




4.2.8 Rab11 functions between S2 and S3 cleavage of Notch receptor 
The different localization of the NECD and NICD of Notch receptor in the Rab11 
mutant FCs, and the association of Rab11 with dynein led me to test how Rab11 regulates 
the activation of Notch signaling and whether it plays a similar role as dynein.  
Firstly, genetic experiments were carried out. The localization of NECD and 
NICD of Notch receptor in Nct (and Psn) mutant FCs are indistinguishable from that of 
wt FCs (Fig 4.16 upper panel). In Nct and Rab11 double mutant FCs, NECD localization 
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remains indistinguishable from wt, while NICD localizes to the large ovular vesicles (Fig 
4.16 lower panel), which is reminiscent of the localization in Rab11 single mutant (Fig 
4.16 middle panel) and suggests that Rab11 also functions upstream of the S3 cleavage. 
As shown previously (Fig 4.10), the NECD and NICD of Notch receptor in Kuz mutant 
FCs are also indistinguishable from that of wt (Fig 4.17 upper panel). Interestingly, the 
localization of NICD and NECD of Notch receptor in the Kuz and Rab11 double mutant 
FCs is also similar as that of wt and the large ovular structures observed in the Rab11 
single mutant are no longer observed (Fig 4.17 middle and lower panels), suggesting that 
Rab11 functions downstream of S2 cleavage.  
Next, the cleavage products of the Notch receptor in different backgrounds were 
analyzed by western blot. As mentioned above, the smaller S3 product of NICD 
dominates amongst the 120KDa bands in wt. In Psn mutant the largest upper 120KDa 
band predominates, with the second smaller band (S3 cleavage product) missing. In 
Rab11 mutant FCs, the largest upper 120KDa band is significantly increased, suggesting 
defective/inefficient S3 cleavage (Fig 4.17). Collectively, these results indicate that 
Rab11 functions in the recycling endosome and is required for the S3 cleavage of Notch 
receptor. 
I further tested the ability of Rab11 mutation to block the signaling activity of 
different forms of Notch. The NICD, lacking the entire extracellular domain and the 
transmembrane sequences and does not require γ-secretase activity to activate 
downstream signaling, is constitutively active.  When the NICD form was co-expressed 
with the Rab11DN in the imaginal wing disc by Ptc-Gal4, the suppression of Cut 
observed in Rab11DN expression was reverted. In addition, ectopic Cut expressing cells 
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around the boundary were induced (Fig 4.18), further supporting that notion that Rab11 
functions upstream of S3 cleavage. The S2 product, NEXT, contains a very short stub at 
the extracellular domain (~60aa) and the transmembrane sequences. It requires the 
function of γ-secretase to activate downstream signaling. When the NEXT is co-
expressed along with Rab11DN in the wing discs by Ptc-Gal4, the restoration of Cut 
expression is less efficient than that observed in NICD co-expression. In some discs, the 
suppression of Cut could not be rescued by NEXT. Furthmore, much fewer cells at the 
boundary express ectopic Cut than that in NICD  (Fig 4.18). These data suggest that the 
S3 cleavage of the Notch receptor is perturbed in Rab11 mutant. As the NEXT construct 
used in these experiments is also driven by the Gal4/UAS system, it is simultaneously 
expressed along with the Rab11DN when shifted to the restrictive temperature. So it is 
not surprising that Cut suppression could be seen in some cases. To circumvent this 
problem, currently I am using the NEXT transgene under the control of heat shock 
promoter (hs-NEXT) to do the rescue experiment in Rab11DN discs. This will allow 
turning on of NEXT expression after the knockdown of Rab11 function (driven by Ptc-




 Fig. 4. 16 Rab11 functions upstream of γ-secretase.  
GFPnls in green, NICD and NECD in red, DNA in blue, the mutant FCs are marked by 
loss of GFP signal. Notch enriches at the apical domain in Nct mutant FCs, very similar 
to that of wt FCs (upper panel). But Notch accumulates in large vesicles in Rab11 mutant 








Fig. 4. 17 Rab11 functions downstream of S2 cleavage of Notch receptor.  
GFPnls in green, NICD and NECD in left and right panels in red (NECD in blue in lower 
panel), DNA in blue, the mutant FCs are marked by loss of GFP signal. Notch receptor 
enriches at the apical domain of Kuz mutant FCs, very similar to that of wt FCs (upper 
panel). But N accumulates in large intracellular vesicles in Rab11 mutant FCs (middle 
panel). In Kuz;Rab11 double mutant FCs, these large puncta were lost. When analyzed by 
WB, several protein products at 120KDa can be detected in wt, with the second largest 
band being the most abundant. In Psn mutant, the intensity of this band dramatically 
decrease along with an increase in the intensity of the upper most band, consistent with a 
defect in S3 cleavage. In Rab11 mutant, this upper band also dramatically increases along 






Fig. 4. 18 Fig. 5. 1 NΔECN functions upstream of Rab11.  
GFP in green, Cut in red and DNA in blue.  Ptc expresses at the dorsal-ventral boundary 
of the wing pouch, with Cut induced by high level of Notch signal at the A/P boundary 
(upper left panel), while Cut expression at the junction is lost in Ptc>Rab11DN wing 
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(upper right panel).  When NICD is co-expressed in Ptc>Rab11DN wing, the Cut 
expression is restored, and ectopic Cut-expressing cells can be seen at the junction (lower 
right panel). However, when the NEXT product, NΔECN, is co-expressed in Ptc>Rab11DN 
wing, Cut expression can’t be restored in some of the discs, while it can be in other discs 




In this chapter, I showed that cytoplasmic dynein complex is required for the 
endocytic trafficking of Notch receptor for its activation. Unlike the previously reported 
proteins involved in the endocytic trafficking of Notch receptor (suh as ESCRT complex 
components and Lgd) (Childress et al., 2006; Gallagher and Knoblich, 2006; Herz et al., 
2006; Jaekel and Klein, 2006; Moberg et al., 2005; Thompson et al., 2005), the S2 
product of Notch receptor NEXT accumulates in the early (sorting) endosome and the 
signaling activity is disrupted in the absence of dynein function. My results further 
showed that endocytic recycling of the NEXT product precedes S3 cleavage, suggesting 
that endocytosis and recycling of NEXT is necessary for the activation of Notch 
signaling. 
4.3.1 Endocytic trafficking/recycling and Notch signaling activation 
The findings presented here suggest that Notch signaling, similar to many other 
pathways, is stimulated by receptor endocytosis and recycling. The examples studied in 
animal development include the recycling of RTK receptor during Drosophila border cell 
migration (Jékely et al., 2005) and GPCR signaling (Hanyaloglu and Zastrow, 2008). H-
Ras-induced activation of Raf-1was enhanced by stimulation of endocytosis and 
recycling. A Rab5 mutant that promotes endocytosis without recycling causes active H-
Ras to accumulate in enlarged endosomes and inhibits activation of Raf-1. It was shown 
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that H-Ras dynamically interacts with the recycling endosome (Gomez and Daniotti, 
2005; Roy et al., 2002). The activation of Rap1 in response to mitogen requires proper 
endocytic recycling (Bivona et al., 2004). Recycling may also be required for proper Wnt 
signaling (Blitzer and Nusse, 2006). In mouse cardiac myocytes, the activation of β–
Adrenergic receptor (β-AR) occurs through recycling endosomes mediated by the small 
GTPase Rab4 (Filipeanu et al., 2006). Even in the same endocytic compartment, the 
readouts of different signaling pathways are different. In the case of Wg receptors, 
signaling appears to be reduced by stimulation of multivesicular body transport (Seto and 
Bellen, 2006), but Notch signaling is enhanced under similar conditions (Moberg et al., 
2005; Thompson et al., 2005; Vaccari and Bilder, 2005). This example highlights how 
each step of endocytic traffic can exert distinct regulatory effects on different activated 
receptors and emphasizes the importance of defining the influence of endocytic 
trafficking on all the receptor mediated cell-signaling pathways. 
How does endocytosis and recycling promote the activation of Notch signaling? 
The subcellular compartment where the Notch receptor is cleaved by γ-secretase is still 
being debated. Some studies suggest that S3 cleavage of Notch receptor occurs in 
endosomes (Childress et al., 2006; Gallagher and Knoblich, 2006; Gupta-Rossi et al., 
2004; Jaekel and Klein, 2006; Moberg et al., 2005; Thompson et al., 2005; Vaccari and 
Bilder, 2005; Vaccari et al., 2008), while other suggests that this occurs on the plasma 
membrane (Lopez-Schier and St. Johnston, 2002). There may be two co-existing active 
sites of γ-secretase in the cell: one at the plasma membrane, which is required for the 
activation of ligand-induced Notch signaling under physiological condition; and the other 
in the late endosome, which is required for the ligand-independent activation of Notch 
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signaling as the ligand-independent activation of Notch signaling can only be observed 
when the factors required for degradation of Notch receptor (like ESCRT complexes and 
Lgd) are compromised. Full-length Notch receptor on its own is continuously being 
internalized and rapidly fluxed through the endosomes; thus, the ligand-independent 
activation seen in these mutants could either result from amplification of a subthreshold 
propensity of heterodimeric Notch to be cleaved because of the altered endocytic kinetics 
and endosomal accumulation or the ionic environment in late endosomes may affect 
shedding of the inhibitory NECD, leading to ligand-independent cleavage. Further 
examinations are needed to test the relevance of ligand-independent activation in these 
mutants in respect to physiological Notch signaling. 
Why is recycling required for the activation of Notch signaling? In other 
intramembrane cleavage events, transport factors are required to deliver the substrate to 
the compartment where the enzyme is active (Urban and Freeman, 2002). For example, 
during the maturation of EGFR signaling ligand Spitz, Star is required to deliver Golgi 
localized Spitz to the plasma membrane where the active Rhomboid localizes (Tsruya et 
al., 2002). So my data presented in this chapter is consitent with the idea that the active 
site of γ-secretase for ligand-induced activation likely localizes at the plasma membrane. 
It has been shown that Psn/γ-secretase is required for the clearance of transferrin and 
APP-CTFs from the recycling endosome in mammalian cells (Zhang et al., 2006), and 
Psn interacts with but does not cleave the NEXT product (Gupta-Rossi et al., 2004), 
suggesting that Psn maybe a bifunctional protein, acting as a molecular chaperone that 
targets or escorts its substrates to the compartment where γ-secretase emzyme is active. 
So it is tempting to speculate that Psn and NEXT may assemble as a complex during 
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recycling and their assembly maybe required for the recycling and/or S3 cleavage. 
Currently, experiments are in progress to answer these questions. 
4.3.2 Dynein: a pivotal link between epithelial polarity and Notch signaling?  
Dynein transports various cargos towards the minus ends of MTs. It could 
function either in the exocytic or endocytic pathways (Aniento et al., 1993; Bananis et al., 
2000; Johansson et al., 2007; Schnorrer et al., 2000; Swan et al., 1999; Tekotte and 
Davis, 2002; Vallee, 2004; Wilkie and Davis, 2001). Work of others and this study show 
that dynein functions in both the exocytic and endocytic pathways in the FCs (Horne-
Badovinac and Bilder, 2008; Li et al., 2008).  It targets the crb and sdt transcripts to the 
apical domain of the FCs, and is required for the establishment/maintenance of epithelial 
polarity. In this chapter I present evidence that dynein also functions in the endocytic 
pathway for the trafficking and activation of the Notch receptor, although it may also 
function in the secretory pathway to present Notch receptor on the apical domain of the 
FCs. Experimental data suggest that its roles in the establishment/maintenance of 
epithelial polarity and trafficking of Notch receptor are independent from each other. 
Dynein functions primarily through the Crb complex to mediate epithelial polarity. The 
phenotype of crb mutant is essentially indistinguishable from dynein mutant with respect 
to epithelial polarity. However, no defects relating to Notch signaling was observed in 
crb mutant FCs (data not shown). Moreover, no polarity defect was observed in Notch 
mutants (data not shown). These data suggest that epithelial polarity and Notch signaling 
are two separate events at least in the FCs. It has been reported that in developing 
imaginal wing discs, Crb can regulate Notch signaling by negative feedback on the 
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activity of γ-secretase indicating that the relationship between polarity molecules and 
Notch signaling varies in different cellular contexts (Herranz et al., 2006). 
It is interesting to understand how the activity of dynein is regulated and how 
dynein recognizes its cargos during these two processes. There are several possibilities. 
Firstly, the ATPase activity of dynein is differentially regulated during the establishment 
of epithelial polarity and Notch trafficking. Dynein utilizes energy provided by the 
ATPase activity it contains to move along the MT. It has been reported that its ATPase 
activity can be regulated by the binding of Lis1 in human brain disease Lissencephaly 
(Dujardin et al., 2003), suggesting that its ATPase activity may be a regulatory target. 
The second possibility is that the activity of the dynein complex is regulated by 
post-translational modifications. Increased phosphorylation of dynein resultes in the 
inhibition of ATPase activity, thus reduced motor-dependent avidity of 
endosomal/lysosomal membranes for MT (Runnegar et al., 1999 ). Additionally, the 
ATPase activity can be regulated by dynactin-dependent phosphorylation of dynein light 
chains (Kumar et al., 2000). The homodimeric dynein light chains LC8 and Tctex-1 
directly associate with dynein intermediate chain (IC) and various cellular cargoes. These 
light chains regulate the assembly of the dynein complex by binding to and promoting 
dimerization of IC. Both the light chains undergo specific phosphorylation, which 
promotes their dissociation from the IC (Song et al., 2007b).  
The third possibility is that the composition of the dynein complex may be 
different in different cellular contexts. For instance, the dynein light chain Tctex-1, but 
not its homolog RP3, binds to the apical targeting determinant of rhodopsin in MDCK 
cells (Tai et al., 2001).  
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The fourth possibility is that dynein is recruited to its cargos by specific binding 
partners. In mammalian cells, dynein is recruited to the early (sorting) endosome by 
KIBRA and SNX4 (sorting nexin-4), and it then transports the transferrin receptor from 
the early sorting endosome to the endocytic recycling compartment (Traer et al., 2007). 
Dynein is also recruited to the late endosome by Rab7-RILP complex to transport late 
endosomes to the lysosome (Johansson et al., 2007). Egl/BicD/dynein complex is 
required for the apical localization of wingless, and paired-rule transcripts in the 
Drosophila blastodermal embryos (Wilkie and Davis, 2001). For Notch receptor 
trafficking, dynein is recruited to the early (sorting) endosome by Rab11, so I favor the 
last possibility. It will be exciting to investigate the exact mechanism of dynein’s 
differential involvement in epithelial polarity and Notch signaling, which may further 
extend our understanding of how the activity of this motor complex is regulated in 
different cellular contexts.  
 
4.4 Current work and future directions 
Experiments to address the question why the NEXT product needs to be recycled 
prior to the S3 cleavage are in progress. The rescue experiments using hs-NEXT, instead 
of uas-NEXT, to mimic physiological conditions are underway. 
It will be interesting to investigate the factors involved in the endocytic sorting 
and recycling of the Notch receptor.  For example, which E3 ligase is involved in the 
endocytosis of NEXT? How is NEXT sorted in the sorting endosome to the recycling 
endosome rather than being channeled to the late endosome for degradation? What will 
happen during the sorting of NEXT in endosomes? Are there any post-translational 
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modification other than ubiquitination? Answers to these questions would shed light on 
how Notch signaling is tightly regulated under physiological condition and how mis-
regulated Notch signaling activity may contribute to various diseases including 
tumorigenesis. 
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 Chapter 5 Recycling of Crumbs is required for epithelial 
polarity 
 
5.1 Introduction  
During animal development, many cell types are polarized for their proper 
function. Epithelial cells are highly polarized with distinct apical and basal domains, each 
with a unique composition of lipids and proteins, which is important for the structure and 
function of epithelial tissues they comprise (Knust and Bossinger, 2002; Macara, 2004; 
Nelson, 2003; Shin et al., 2006; Tepass et al., 2001). Failure to maintain epithelial 
polarity often leads to tumor formation.  Previous studies in model organisms and cell 
cultures have identified a conserved protein complex network that regulates epithelial 
polarity, at the core of which are three protein complexes localized to different membrane 
domains, with the Crumbs complex (Crb, Sdt and dPatj/Dlt) at the apical domain, the Baz 
complex (PAR-3/Baz, PAR-6, and aPKC) at the sub-apical domain and the Scribble 
complex (Dlg, Lgl, and Scrib) at the lateral domain. Genetic studies in Drosophila have 
revealed that these protein complexes function in a hierarchy to regulate the 
establishment, elaboration and maintenance of cellular polarity. The Baz complex acts 
first in the hierarchy to specify the apical domain (Bilder et al., 2003; Harris and Peifer, 
2004; Harris and Peifer, 2005; Tanentzapf and Tepass, 2003). The Scrib complex then 
functions as a basolateral determinant by repressing the apicalizing activity of the Baz 
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complex. Finally the Crb complex is targeted to the apical membrane to antagonize the 
Scrib complex activity (Bilder et al., 2003; Tanentzapf and Tepass, 2003; Tepass et al., 
2001). 
Drosophila Crb, a transmembrane protein with extracellular EGF-like repeats, 
localizes on the apical domain and acts as an apical domain determinant by organizing a 
protein network that regulates A/B polarity (Tepass and Knust, 1990; Wodarz et al., 
1995). Over-expression of Crb is sufficient to cause an expansion of the apical membrane 
at the expense of the basolateral domain in Drosophila embryos (Wodarz et al., 1995).  
The cytoplasmic domain of Crb binds Sdt and dPatj and these molecules are mutually 
dependent for their localization and function (Bachmann et al., 2001; Bhat et al., 1999; 
Hong et al., 2001; Tepass and Knust, 1993). The Crb complex is highly conserved at both 
the structural and functional levels between flies and vertebrates (Hurd et al., 2003; 
Lemmers et al., 2002; Roh et al., 2002), and mutations in human CRB1 have been linked 
to two severe forms of retinal dystrophy (Richard et al., 2006).  
The Crb complex must be precisely controlled for its apical localization to 
maintain epithelial polarity. Studies from our and other labs have shown that the apical 
localization of the Crb complex is dependent on the MT motor cytoplasmic dynein. After 
reaching the apical domain, Crb protein is regulated by multiple mechanisms controlling 
the protein level and activity. Ectopic expression of Crb leads to expansion of the apical 
domain (Wodarz et al., 1995). Moreover, phosphorylation of Crb in its intracellular 
domain by aPKC is required for its activity, suggesting a mechanism by which its activity 
is controlled at the apical domain (Sotillos et al., 2004). Recent evidence indicate that 
endocytosis also play important roles in regulating the protein level and the activity of 
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Crb protein. Blocking of endocytosis and endocytic trafficking by mutations in syntaxin 
Avalanche, which mediates vesicle membrane fusion, and Ept/Tsg101 and Vps25, 
components of the ESCRT complex (endosomal sorting complex required for 
trafficking), lead to the disruption of epithelial polarity and tumorigenesis (Lu and Bilder, 
2005; Moberg et al., 2005; Thompson et al., 2005). However, how the activity and 
internalization of Crb are being regulated remains largely unknown. 
In this chapter, I present some premilinary data showing that the endocytosis and 
recycling machinery are required for maintaining epithelial polarity by controlling apical 
Crb activity. Blocking endocytic entry in the Rab5 mutant caused ectopic Crb activity 
with expansion of the apical membrane domain at the expense of the lateral membrane 
domain, which phenocopied the crb over-expression phenotype. However, loss of Rab11 
function resembled crb loss of function phenotype. Moreover, the gain of function and 
loss of function of Crb activity observed in these two mutants are consistent with the 
phosphorylation state of Crb, which suggests that de-phosphorylation of Crb by an 
unknown protein phosphatase likely occurs during endocytosis and recycling. These data 
suggest the requirement of an intricate balance between Crb activation through 
phosphorylation by aPKC and its deactivation through de-phosphorylation by protein 
phosphatase to control spatial activity of Crb on the apical domain to maintain A/B 
polarity. 
5.2 Results  
5.2.1 Endocytosis of Crb is required for epithelial polarity 
In Chapter 3, I presented evidence showing that apical localization of the Crb 
complex requires the MT motor dynein function. I am interested in understanding the 
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dynamic nature of Crb protein on the apical domain of the FCs. Localization of Crb 
protein level on the apical domain is important as ectopic expression of crb is detrimental 
to the epithelial tissue (Wodarz et al., 1995). The most common method that the cells use 
to regulate protein level on the membrane is endocytosis. Therefore, the possibility that 
endocytosis is involved in regulating Crb protein is examined.  
Rab5 functions during early endocytosis by controlling the fusion of endocytic 
vesicles. I found that the epithelial polarity is lost in Rab5 mutant FCs. Mutant Rab5 FCs 
generate massive tumorous cells, losing the monolayer architecture of the wt FCs (Fig 
5.1). The morphology of Rab5 mutant FCs changes from the wt cuboidal shape to a 
rounded shape (Fig 5.1). Moreover, when Rab5DN and Rab5RNAi were expressed in FCs, 
similar phentypes were observed (Fig 5.1 and not shown). These phenotypes are 
reminiscent of the mutations in known genes that control cell polarity, for example lgl, 
suggesting that defects in the apico-basal polarity may be due to the expansion of the 
apical membrane domain.  
Examination of Crb protein localization in the Rab5 mutant FCs showed that Crb 
protein extends to the lateral membrane of the FCs from the apical domain (Fig 5.2). The 
Baz complex and Adeherns Junctions also extend more laterally in the Rab5 mutant FCs, 
while the basolateral Scrib complex shrinks more basally (data not shown), consistent 
with the notion that the plasma membrane is apicalized in the Rab5 mutant FCs. The 
phenotype observed in the Rab5 mutant FCs is very similar to the ectopic expression of 




 Fig.5. 1 Rab5 is required for epithelial polarity. 
GFPnls in green, DNA in blue, rhodamin phalloidin in red, the Rab52 mutant clones are 
marked by loss of GFP signal. The Rab5 mutant FCs usually become multiple-layered 
(arrow), compared to the single layer in wt cells (GFP positive) (A). When the Rab5DN 




Fig.5. 2 Membrane apicalization by increased Crb protein. 
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GFPnls in green, DNA in blue, Crb/Myc in red, the Rab52 mutant clones are marked by 
loss of GFP signal. Crb protein extends from the apical domain of the Rab5 mutant FCs 
to the basalateral domain (A). A similar situation is observed when crbintra-myc is 




To investigate whether the loss of polarity and tumorigenesis observed in Rab5 
mutant FCs are caused by the over-accumulation of Crb protein at the apical domain due 
to defective endocytosis, genetic analysis was carried out. It has been reported that 
phosphorylation of Crb in its intracellular domain by aPKC is required for its activity. 
Overexpression of a dominant negative form of aPKC (aPKC-DN) does not affect Crb 
protein localization, but reduces its activity (Sotillos et al., 2004). When aPKC-DN was 
overexpressed in the Rab5 mutant FCs, the polarity and the overgrowth phenotypes of 
Rab5 mutant were significantly suppressed, suggesting that increased Crb levels and 
activity resulting from defective endocytosis directly contributes to the Rab5 phenotypes 
(Fig 5.3). 
The above data suggest that Crb is constantly internalized from the apical domain 
in vivo. However, all Crb protein localizes to the apical domain, and no subcellular 
staining can be detected in fixed tissue samples. So several approaches were taken to 
confirm the actual occurrence of Crb protein endocytosis in vivo. Firstly, the 
internalization of Crb protein was examined by live imaging of cultured tissues. A 
truncated form of Crb (containing all the Crb sequence except the very C-terminal part of 
the intracellular domain) fused with GFP was expressed in the FCs (Crbextra-TM-GFP) 
(Pellikka et al., 2002). When imaged live under the confocal microscope, many GFP 
puncta can be seen moving from the cytoplasm toward the apical domain, suggesting that 
these proteins are in the exocytic pathway (data not shown). In addition, membrane 
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patches containing GFP signal can also been detected to invaginate from the apical 
domain to form vesicles, indicating that these proteins likely undergo endocytosis (Fig 
5.4). Furthermore, some of the GFP vesicles co-localize with Rab5 (Fig 5.5), suggesting 
that they are endocytic in nature. 
 
Fig.5. 3 The polarity defect observed in endocytic mutant is the result of Crb 
accumulation. 
DNA in blue. Rab5 mutant FCs (absent of GFP signal) become multi-layered (arrow) 
(A). When aPKC-DN is overexpressed in Rab5 mutant FCs (GFP positive cells), the FCs 




 Fig.5. 4 Crbextra-TM-GFP can be internalized in FCs. 
Crbextra-TM-GFP in green, the apical domain of the FC is to the right hand, and basal domain 
to the left. Live imaging of the dynamics of Crbextra-TM-GFP is performed using confocal 
microscopy. Time points are indicated. A pit containing Crbextra-TM-GFP invaginating from 









 Fig.5. 5 Crbextra-TM-GFP co-localizes with the early endosomes. 
Crbextra-TM-GFP in green, Rab5 in red, DNA in blue. Intracellular puncta of Crbextra-TM-GFP 




Fig.5. 6 Endogenous Crb can be internalized in Drosophila imaginal wing discs. 
The left panel schematizes the rationale of the endocytic assay. In the mock assay, no 
signal can be detected. At 0min of the chase, surface labeled Crb can be seen, but no 
endocytic vesicles form. At 60min of the chase, endocytic vesicles containing Crb protein 







Secondly, endocytic analysis for the endogenous Crb protein was carried out in 
Drosophila imaginal wing discs. After pulse-chase with the antibody against the 
extracellular domain of Crb (Cq4), the discs were rinsed to remove the unbound antibody 
and fixed, followed by secondary antibody to label the internalized Crb. Under this 
condition, Crb proteins can be observed in intracellular vesicles, suggesting the Crb 
protein is internalized in the wing discs (Fig 5.6). Collectively, these data indicate that 
Crb protein is constantly internalized in the epithelial cells, and the internalization is 
critical for epithelial polarity.  
5.2.2 Recycling of Crb is necessary for epithelial polarity 
During the study of intracellular trafficking and activation of Notch receptor by 
dynein and Rab11 (Chapter 4), I found that the Rab11 mutant FCs also lose epithelial 
polarity independent of Notch signaling. The morphology of Rab11 mutant FCs changes 
from cuboidal shape to rounded shape (Fig 5.7). Mutant FCs become multi-layered 
predominantly at the posterior pole of the follicle instead of the monolayer of its wt 
counterpart (Fig 5.7), and there are epithelial gaps that do not cover the germline cells. 
Interestingly, some mutant cells can invade into the germline cells, a characteristic of 
migrating cancer cells (data not shown and Fig 4.12F). These phenotypes were also 
observed in FCs overexpressing either Rab11DN or Rab11RNAi (data not shown). These 
phenotypes are reminiscent of those observed in the crb mutant FCs.  
Examination of the polarity complexes showed that these FCs primarily affect the 
Crb complex and Zonula Adherens (ZA). Crb localized to the apical region in wt FCs, 
but was absent in mutant cells as judged by antibody against extracellular domain (Fig 
5.8A), while Sdt and dPatj/Dlt showed cytoplasmic localization with cytoplasmic puncta 
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(data not shown). The Baz and Scrib complexes largely retained their normal localization 
(Fig 5.8 B, D). Arm localized at the adherens junction in wt FCs, but was mislocalized 
into large recycling endosomes in mutant FCs, consistent with the previous report that 
Arm constantly undergoes endocytosis and recycling in epithelial cells (Fig 5.8C). 
It has been shown that both Crb and Arm are required for 
establishment/maintenance of proper polarity, and the polarity defects observed in the 
Rab11 mutant FCs could be due to the disruption of either the Crb complex or Arm 
function. To determine which is the primary cause of the polarity defects in Rab11 
mutant, time series experiments were carried out to examine the localization of Crb and 
Arm in Rab11 mutant FCs after clone induction. Localization of both Crb (n=271) and 
Arm (n=156) remained unaffected 48h and 72h after the clone induction (Fig 5.9, and 
5.10), however, at 78h after clone induction, Crb disappeared from the apical domain in 
70.2% of the clones (n=198), while Arm localized normally (98%, n=235). At 84h after 
clone induction, Arm accumulated in intracellular vesicles in 85% of the clones (n=147), 
while Crb was completely absent from the apical domain (97%, n=241) (Fig 5.9, and 
5.10). These data show that the defective apical Crb localization precedes defective Arm 
junctional localization and further suggest that the defective Crb localization in Rab11 
mutant FC is likely the cause of defective polarity although I could not exlude the 
possibility that defective Arm localization could also contribute to this polarity loss. It is 
also consistent with the observation that maintenance but not the initial localization of 
Arm depends on Crb. It has also been reported that in Exo84 mutant epithelial cells, Crb 




Fig.5. 7 Rab11 is required for proper epithelial polarity. 
DNA in blue, rhodamin phalloidin in red, the Rab11EP mutant clones are marked by loss 
of GFP signal. Left panel: the Rab11 mutant FCs usually become multiple-layered 
(arrow), compared to the single layer in wt cells. Right panel: the morphology of Rab11 




Fig.5. 8 Rab11 affects the localization of Crb and Arm in epithelial cells.  
DNA in blue, markers used in red, the Rab11EP mutant clones are marked by loss of GFP 
signal. Crb localizes to the apical domain of the wt epithelial cells, but disappears from 
Rab11 mutant FCs (A). Baz complex (aPKC) localizes to the apical domain of the wt 
epithelial cells, and its localization remains largely unchanged in Rab11 mutant FCs (B). 
Arm localizes to the adherens junctions in the wt epithelial cells, but localizes to large 
intracellular vesicles in Rab11 mutant FCs (C). The Scrib complex (Dlg) localizes to the 
basalolateral domain of the wt FCs, and no appearent change is observed in Rab11 




Although I have shown in Chapter 4 that Rab11 functions in the recycling 
endosomes to regulate Notch signaling, it remains possible that Rab11 also functions in 
epithelial polarity in pathways other than recycling pathway. Recent data suggest that 
Rab11 also functions in exocytosis in the Drosophila eye (Satoh et al., 2005). To address 
whether polarity loss in Rab11 mutant FC reflects its function in the endocytic recycling 
pathway, genetic interaction experiments were carried out. The reason is that if Rab11 
functions in recycling at a step after Rab5-mediated endocytosis, the FCs double mutant 
for Rab5 and Rab11 would show the Rab5 single mutant phenotype (Fig 5.11).  Indeed, 
in Rab5, Rab11 double mutant FCs, Crb is ectopically accumulated on the expanded 
apical membrane domain, which is similar to that of Rab5 single mutant (Fig 5.11). 
These data suggest that Rab11 functions in the recycling pathway rather than exocytosis 
for proper apical Crb localization to maintain epithelial polarity.  
It is interesting to note that Crb is absent in Rab11 mutant FCs, rather than mis-
localized in the recycling endosomes as one might expect (Fig 5.8A, 5.12A). Several 
possibilities are raised. First, unlocalized Crb may be degraded and thus become 
undetectable. Second, internalized Crb is dispersed in the cytoplasm below the detection 
threshold, as shown in dynein mutant FCs (Chapter 3). Third, there may be some 
configurational changes when Crb is internalized in the endocytic vesicles such that the 
antibody against the extracellular domain used in these experiments failed to detect the 
epitope. To differentiate amongst these possibilities, I used a polyclonal antibody against 
the small intracellular domain to detect Crb protein in Rab11 mutant (Bhat et al., 1999). 
With this antibody, Crb was found in the enlarged vesicles just below the apical domain, 
probably representing the arrested recycling endosome (Fig 5.12B). These data suggest 
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that there may be a conformational change of Crb protein during internalization and 
recycling. The signal detected using the Crb intra antibody seems to be specific for Crb, 
as there is no signal in crb mutant FCs (Fig 5.12C). 
 
 
Fig.5. 9 Crb loss occurs prior to defective Arm localization in Rab11 mutants. 
GFPnls in green, DNA in blue, Arm and Crb in red, the Rab11 mutant clones are marked 
by the GFP signal. Genetic background: hs-FLP; Ay-GAL4>UAS-GFP/UAS-Rab11RNAi. 
After the clones are induced after 48h and 72h, the localization of Arm and Crb remain 
unchanged in the clones. At 78h after the clones are induced, no appearent change of the 
Arm localization is observed, whilst the Crb begins to disappear from the apical domain 
of the Rab11 mutant FCs (arrow). At 96h after the clones are induced, Arm no longer 
localizes to the adherens junctions, but appeared in puncta (arrows), while Crb lost from 





Fig.5. 10 Crb is more sensitive to Rab11 loss.  
The percentage of cells in which the localization of Arm and Crb remain unchanged 





Fig.5. 11 Rab11 functions in the recycling endosomes.  
GFPnls in green, DNA in blue, Crb (by mAb Cq4) in red, the mutant clones are marked 
by loss of GFP signal. Crb extended to the cell cortexes of Rab5 mutant FCs (A). Crb is 
“lost” in Rab11 mutant FCs (B). Crb still localizes around the cell cortex in Rab5; Rab11 






Fig.5. 12 Crb localizes to intracellular vesicles in Rab11 mutant.  
GFPnls in green, DNA in blue, markers used label in red, the mutant clones are marked 
by loss of GFP signal. When dectected with the antibody against the extracellular domain 
of Crb (mAb Cq4), Crb is seen lost from the Rab11 mutant clones (arrows, A). When 
detected with antibody against the intracellular domain of Crb (pAb Crb intra), Crb is 
observed in intracellular vesicles (arrow heads, B). When this pAb is used to label the crb 







5.2.3 De-activation of Crb prior to recycling 
 Having established that Rab11 functions in the recyling pathway for proper 
epithelial polarity establishment/maintanance, the most interesting questions are: why 
Crb needs to be recycled and what happens to Crb during endocytic trafficking and 
recycling. It has been reported that Crb can be phosphorylated by aPKC and thus the 
active Crb on the apical domain is the phosphorylated form (Sotillos et al., 2004). So I 
examined the phosphorylation status of Crb protein in wt and endocytic mutant 
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backgounds. In wt, the phosphorylation level of Crb is comparatively low, however this 
level is greatly increased in Rab5 mutant, suggesting that more Crb proteins are 
phosphoylated (not shown). This result is consistent with excessive Crb activity in Rab5 
mutant FCs and subsequent loss of the A/B polarity. This also agrees with the 
observation that overactivation of Crb leads to dramatic expansion of the apical domain 
and results in polarity loss. The phosphorylation level of Crb in Rab11 mutant is similar 
to that detected in wt, suggesting that Crb arrested in the recycling endosomes are likely 
de-phosphorylated, i.e. non-active form (data not shown). These data suggest that 
endocytosis and recycling control the activity of Crb protein to ensure proper epithelial 
polarity, and there is a de-phosphorylation step before recycling of the de-activated Crb 
to the apical domain. To identify the protein phosphatase (PPase) responsible for the de-
phosphorylation of Crb, I am currently carrying out a candidate screen of PPases using a 
pool of an RNAi library against all PPases in Drosophila. 
5.3 Future work 
The identification of the PPase that is required for the de-activation of 
phosphorylated Crb during endocytic trafficking is underway. Biochemistry works to 
show the direct binding and in vitro dephosphorylation assay will to be carried out if such 
PPase is identified. The classic mutant of the PPase will be obtained by either 
homologous recombination or imprecise excision of the P-element (if available). Once 
the mutants are obtained, phenotypic analyses of the mutant phenotypes as well as 
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